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ABSTRACT 
 
The stereoselective construction of the tricyclic ring systems of asteriscanolide 
from cyclooctadiene has been achieved. The synthesis involves two main steps; the 
synthesis  of the aldehyde precursor (5) and the titanium mediated carbocyclization of 5 
to make the three rings of 43 setereoselectively. 
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CHAPTER 1 
INTRODUCTION AND RESEARCH OVERVIEW 
1.1 Introduction 
Although cyclooctane rings are less plentiful in nature than their smaller peers, a 
growing number of cyclooctane-containing natural products have been isolated and 
structurally characterized. Found in both terrestrial and aquatic environments1-4, many of 
these compounds possess useful physiological properties such as anti cancer activity. Due 
to  the peculiar features of eight-membered rings and their conformational properties, the 
efficient construction of these molecules constitutes an important challenge in organic 
synthesis. Thus, the intriguing conformational properties of eight-membered rings as well 
as the unique challenges associated with developing versatile methods for their 
construction has aroused the interest of many synthetic organic chemists. 
The sesquiterpenes precapnelladiene,1epiprecapnelladiene,2 poitediol3 and dactylol4 were 
among the first synthesis of cyclooctanoid natural products to have been completed  
(Fig. 1.1). 
H
Me Me
H
Me Me
HO
Me MeH
OH
HO
Me MeH
Me Me Me Me
Me Me Me
Precapnelladiene Epiprecapnelladiene Poitediol Dactyol  
Figure1.1. First Conquests in Cyclooctanoid Natural Products Synthesis. 
Asteriscanolide 1 (Figure 1.3), an unusual 8-5-5 cyooctanoid sesquiterpene, 
consists of five stereocenters and a bicyclo[6.3.0]undecane ring system bridged by a 
butyrolactone ring moiety.  
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Originally isolated from the herbaceous plant Asteriscus aquaticus by San Feliciano and 
co-workers,5 the final structural assignment was based on two-dimensional NMR 
experiments and confirmed by X-ray analysis. The absolute configuration of the molecule 
was established by its CD spectrum. An optical rotation value of [α]D = 12.1o 
(chloroform) was reported for asteriscanolide. The five-membered lactone and 
cyclopentane rings of asteriscanolide adopt envelope conformations typical of such rings.  
O
O
O
H
H
H
H
1234
7 8
9
H
O
O
H
H
H
flattening
O
HH
H
=
 
Figure1.2. Asteriscanolide (1). 
The cyclooctane ring in asteriscanolide, however, adopts a relatively rare boat-boat 
conformation where one corner of the ring has been flattened to relieve what would 
otherwise be severe transannular steric interactions. 
 
Figure 1.3. Molecular Model of Asteriscanolide. 
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The goal of the research described herein is the application of titanium-mediated Hetero-
Pauson-Khand reaction (vide infra) to the synthesis of the natural product asteriscanolide. 
Asteriscanolide was chosen as a target because it was felt that the architectural 
complexity present in this molecule would take full advantage of the synthetic capacity of 
the Hetero- Pauson-Khand reaction. 
1.2 Previous Work by Other Research Groups 
Previous routes to asteriscanolide have focused on the construction of the eight-
membered ring and can be grouped accordingly: 
1) Eight-Membered Ring formation via Cycloaddition 
2) Eight-Membered Ring formation via Cyclization 
3) Eight-Membered Ring formation via Fragmentation 
4) Eight-Membered Ring formation via Ring Expansion 
Our synthetic strategy, described in section 1.3, differs from the previous routes in 
that it is based on the selective functionalization of a commercially available eight-
membered ring precursor, 1, 3-ciscyclooctadiene. Rather than focusing on 
construction of the eight-membered ring, this strategy focuses on the efficient 
attachment of the fused cyclopentane and butyrolactone rings at carbons C1, C2 and 
C9 (figure 1.2). 
1.2.1 Eight-Membered Ring Formation via Cycloaddition 
In 1998 Wender11 used a Ni0–catalyzed [4 +4] cycloaddition as an essential 
constitution in his grand scheme to propose the first total synthesis of asteriscanolide. 
 
  4
O
O
O
O
Ni(COD)2, Ph3P, 90OC (67%)H H
H
H
 
Scheme 1.1. Wender’s Intramolecular Formation of the Cyclooctanoid Skeleton  
en route to Asteriscanolide.11 
 
This route requires the tetraene precursor to be prepared beforehand, thus, extending the 
number of synthetic steps involved. However, the product of this [4+4] cycloaddition is 
nicely suited for establishing the remaining two stereocenters since both olefins will 
selectively add reagents from the same side as the bridgehead hydrogens (Fig. 1.4). 
O
O
HH
H
=
OH
HH
HOH
HH
BR2
H
H
H
 
Figure 1.4. Regiocontrol During Cycloaddition. 
1.2.2 Eight-Membered Ring Formation via Cyclization  
All the other synthetic routes have followed the precedence set by Wender by 
incorporating an intramolecular C-C bond formation into the construction of the 8-
membered ring. Both the Kraft12 and the Paquette13 routes featured the use of ring-closing 
methathesis (RCM) using the Grubbs catalyst to make asteriscanolide, according to 
scheme1.2 and scheme 1.3, respectively. 
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O
O
O
(PPh3)2Cl2Ru(CHPh)
H
H
H
HO
O
O
H
H
H
H
 
Scheme 1.2. Kraft’s Route to Asteriscanolide via Ring Closing Methathesis.12  
The final crucial step in Paquette’s route occurs during the hydrogenation of the 
double bonds encompassed by C7, C8 and C9. The conformation of the molecule (figure 
1.3) ensures that the hydrogens add toward the exterior of the polycyclic cyclooctane 
skeleton, thus giving rise to the proper stereochemistry of asteriscanolide. 
 
 
O
H
H
H O
H
H
H
CH2Cl2, heat
(93%)
Py
Ru
Cl
Cl
PCy3
PCy3
1 1
2 2 3
7
8
9
3
78
O
H
H
H
1
2 3
7
8
9
O
O
O
H
H
H
1
2 3
7
8
9
O
O H2 (300psi)
H
H Pd/C
 
Scheme 1.3. Paquette’s Route Using Methathesis.13 
1.2.3 Eight-Membered Ring Formation via Fragmentation 
The astanane frame can also be made by fragmentation of a C-C bond within a 
bicyclic ring system. Generally, fragmentation may involve one of several bicyclic 
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systems; [4.2.0], [3.3.1], [3.3.0], [5.1.0] (figure 1.5). The conditions for fragmentation are 
numerous and may involve reaction conditions that are either reductive, oxidative. 
 
Figure 1.5. Fragmentation to the Cyclooctanoid. 
In an enantioselective total synthesis of 7-desmethylasteriscanolide, Booker-  
Milburn et al14 relied upon a retro-Mannich induced fragmentation as a key component of 
their synthesis to make the skeleton of desmethyl asteriscanolide.  
O
O=C=N H
H
RuO4 Oxidation
H3O
O
H2N
H
H
HH
O
H
O
HH
HH2N
OH
O
HH
HO
O
H
 
Scheme1.4. Fragmentation Method Employed by Booker- Milburn.14 
Though fragmentation was a virtue in creating the astanane skeleton, it (fragmentation) 
proved to be the main vice against the complete synthesis of asteriscanolide in the hands 
of Booker-Milburn. During the attempt to add the methyl group to the astanane skeleton 
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of asteriscanolide, a retro-Michael reaction occurred, thereby preventing the methylation 
and caused fragmentation instead (scheme 1.5). 
retro-Michael
fragmentation
O
HH
H
HO
O
O
H
O
O
 
Scheme1.5. Retro-Michael Fragmentation. 
1.2.4 Ring Expansion 
In ring expansion, the 8-membered carbocycle is formed via a rearrangement 
involving either a [3, 3] or a [1, 3] – sigmatropic rearrangement. 
Although a protocol involving ring expansion has not been reported for the synthesis of 
asteriscanolide, it has been used for other cyclooctane-containing molecules, especially in 
schemes adopting the oxy-Cope and Claisen reactions. Paquette10 reported the first 
synthesis of cyclooctanones via the Claisen rearrangement and has since made a hefty 
contribution to this area. 
4-atom
x
2-atom
x; C, O, S 
Scheme 1.6. Two – and Four – Atom Ring Expansion. 
An example of cyclooctanone synthesis using the Claisen rearrangement to synthesize 
precapnelladiene was reported by Paquette,21as shown in scheme1.7. 
O
H
200oC H
O
 
Scheme 1.7. Synthesis of Cyclooctanone via Claisen Rearrangement (Two-Atom-
Ring Expansion). 
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1.3 Our Synthetic Strategy 
1.3.1 Cyclooctane Functionalization 
Since Wender11 published the first synthesis of asteriscanolide, there has been few 
attempts12, 13, 17 to make this compound and only a few other attempts to make the 
astanane skeleton.14, 15, 16, 17 It is quite evident from this review that none of the previous 
approaches started with an 8-membered carbocycle. However, it has been observed by 
Schreiber,18 Fuchs,19 and Still20 that 8-membered rings could undergo stereo- and 
regioselective functionalization due to the inclination of the cyclooctanes to avoid 
energetically costly contortions including those that would increase transannular 
interactions. Eight-membered rings have three major conformational groups: the boat – 
chair (BC), Crown (CR) and boat- boat (BB).10 
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
i)
ii)
iii)
transannular
steric interactions
BOAT-BOAT
BOAT-CHAIR
CHAIR-CHAIR
eclipsed
bonds
eclipsed
bonds
eclipsed
bonds
(crown)
 
Figure 1.6. Demonstration of Transannular Effects in Cyclooctane Conformers. 
  9
Thus, this is an attempt to synthesize asteriscanolide starting from a commercially 
available simple cyclooctanoid (Fig. 1.7). 
O
O
H
H
H H
O
 
Figure 1.7. Fuctionalization of a Commercially available Cyclooctanoid Starting 
Material. 
 
Substitution of the ring further increases the stereochemical bias of the molecule. 
For example heteroatoms such as oxygen, nitrogen, sulphur or sp2 carbons such as C=O 
and C=C severely limit the steric repulsions. Thus, the sp2 carbon or the heteroatom 
would be inclined to occupy a position within the molecule instead of on the fringes. This 
point is well illustrated by the conformation of the eight-membered ring in asteriscanolide 
where the ketone carbonyl occupies an interior position.  
From the knowledge accrued from these observations, we wish to present a brief 
outline of our synthetic goal. Our protocol consists of two main parts; a) functionalization 
of an 8-membered ring and b) cyclization via a titanium mediated Hetero-Pauson-Khand 
(HPK) reaction developed in our laboratory. 
1.3.2 The Hetero-Pauson-Khand (HPK) Reaction 
         The HPK reaction is an atom efficient cycloaddition which forms polycyclic ring 
systems containing γ-butyrolactones, from alkenes, aldehydes, carbon monoxide and a 
transition metal catalyst. Our laboratory reported the first example21, 23 of the HPK 
reaction, which is based upon scheme1.8. 
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O LnTi catalyst
CO
O
O
Titanium Catalyst (LnTi)
Ti
PMe3
PMe3
2  
Scheme. 1.8. The HPK Reaction. 
These transformations are effected not only in the presence of catalytic amounts of the 
transition metal mediator24, 26 but also in stoichiometric amounts. The HPK reaction is a 
brain child of the Pauson Khand reaction (PKR). The PKR is used to construct 
cyclopentenones from alkenes and alkynes which belong to same the tether.21 
 
Cobalt catalyst
Carbon monooxide
MeO2C
MeO2C
O
MeO2C
MeO2C  
Scheme 1.9. Pauson Khand Reaction. 
        The PKR generally involves formation of an alkyl-metal complex followed by the 
decomposition of the complex in the company of an alkene according to the generic 
mechanism of the Pauson-Khand reaction. 
LnM
L
L
+
L
LnM
L
L
LnM LnM
CO
LnM
C
O
LnM
O
2 L
O+LnM
L
L  
Scheme 1.10. A Generic Mechanism of the Pauson-Khand Reaction. 
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By analogy, this is a possible mechanism for the HPK reaction: 
Cp2Ti +
L
O
Cp2Ti
L
O
Cp2Ti Cp2Ti
O
CO
Cp2Ti
O
C
O
Cp2Ti O
O
2 L
O
O+Cp2Ti
L
L
O
L
L
L
L= CO or PMe3
 
Scheme 1.11. Possible Reaction Mechanism for the HPK Reaction. 
 
1.3.3. Application of the HPK Reaction to Asteriscanolide Synthesis 
After the acquisition of a desirable cycloalkene substrate, we would use the HPK reaction 
according to the scheme below to prepare the tricyclic butyroloactone. 
n
Ring
Functionalization
R
R
O HPK
Reaction *
*
*
*n
O
O
n
n = 4  
Scheme 1.12. HPK Double Annulation. 
 
The beauty of this scheme lies not only in the creation of two new rings but also the 
simultaneous generation of four new stereocenters. This rationale was applied to the 
synthesis of asteriscanolide where it would also create the asteriscane skeleton and the 
butyrolactone moiety accompanied by the stereochemical features inherent for this 
transformation. This transformation is a very concise route to molecules having such 
structural and stereochemical features as shown in scheme1.13 below.  
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HPK
Double
Annulation
O
O
X
*
**
* O
O
O
H
H H
H
asteriscanolide  
Scheme 1.13. Stereocontrol During the Preparation of Asteriscanolide via HPK. 
1.4.       Conclusion 
From these schemes it is evident that we have devised a plausible pathway for the 
enantioselective synthesis of asteriscanolide. 
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CHAPTER 2 
   
ATTEMPTED PREPARATION OF ALDEHYDE SUBSTRATES FOR THE HPK 
REACTIONS 
 
2.1 Stereochemical Considerations 
There were two major factors that governed the choices to synthesize a suitable 
precursor for asteriscanolide.  First, the substrate should undergo the HPK reaction but 
foremost, it should form the polycyclic ring system in a conformation that exactly or 
closely matches the relative spatial arrangement of the atoms and rings of asteriscanolide. 
Toward these regards, Shuang Liu (the predecessor for some of this work) conducted an 
extensive study of the stereochemical outcome from the HPK reaction.  The findings are 
represented in scheme 2.1 below. 
5a (n=1)
5b (n=0)
8
7
1
9
8 9
7
1
Cp2Ti(PMe3)2
5c (n=1), 96%
5d (n=0), 99%
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H H
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Scheme 2.1. Stereochemical Considerations 
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Conformational analysis of this carbonylative cocyclization predicts the formation of the 
stereoisomer in which the hydrogens at C-1, C-2 and C-3 are all cis to each other, but 
trans to C-9 as illustrated in figure 2.1. 
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H
H
9
8
7
1H
Cp2TiL2
Cp2TiL2
TiCp2
H
9
8
7
1H
H O H
A1,3
Syn Pentane
Unfavorable steric
interactions
1
5a 5c
Syn Pentane
=
O
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O
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7
HH
H
H
8 9
9
 
Figure2.1. Prediction of Stereochemistry. 
Contrary to the expected outcome, the metallocene complex obtained showed a 
ring fusion product in which all the hydrogens at C-1, C2, C-3 and C-9 were cis to each 
other.  Thus, the synthesis of the precursor (5) was tailored so that it (precursor) would 
possess a C8-C9 double bond which may have a favorable influence on the C3 
stereocenter formed in the HPK reaction.  It was envisioned that a hydroboration reaction 
could be used to introduce the C8 carbonyl while setting the C9 stereocenter according to  
scheme (2.2) illustrated below. 
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Scheme 2.2.The Road Map to Asteriscanolide 
2.2. Cuprate-based Routes 
  One of the fastest ways of generating aldehyde (5) is to employ the versatility of 
copper as a good reagent in the formation of new carbon-carbon bonds, especially those 
for vinyl carbons.  Thus, an ideal route started with 1, 3-ciscyclooctadiene (3) as 
described in scheme 2.3 below. 
O O O
R
CuR
RO O
LiBr
Me-I5
3 4  
Scheme 2.3. Retrosynthetic Analysis Based on Cyclooctadiene. 
The first step towards the synthesis of the gem dimethyl precursor (5) was to synthesize  
the vinyl lithium from the intermediate 4. Compound1 4 was made by treating 1 
equivalent of compound 3 with 1 equivalent of pyridinium tribromide.  The resulting 
dibromide was refluxed in isopropanol with KOH for 23hrs. After the work up was 
complete, 4 was obtained (51 %).  The corresponding vinyl lithium was generated at  
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-78oC in the presence of 2 equivalents of t-BuLi (Scheme 2.4).  
N
H Br3
Br Br Br
Br
Br
AcOH
10min, rt
+
3 3a 3b
Li
2eq t-BuLi, THF
1 hr, -78oC
Isopropanol
24 hrs, reflux 2.2eq KOH
4  
Scheme 2.4. Generation of the Vinyl Lithium from 3. 
It was hoped that the corresponding cuprate2a from compound 3 would undergo a Michael 
addition to methyl methacrylate and subsequently yield 5.  First, a model study to 
understand the exigencies of the cuprate chemistry was carried out.  The quaternary 
carbon center was generated in respectable yields (75%) from a reaction between the 
cuprate of n-BuLi and methyl methacrolein followed by treatment with methyl iodide 
(Scheme 2.5). 
O Bu OTMS
Bu O
H
Bu O
n-BuLi + CuBr.SMe2 +
2eq 1eq 0.75eq HMPA
Me3SiCl
2.5hr
THF
-78 oC
14eq MeI-78 oC to RT
3:1(NMR)
+
 
Scheme 2.5. Model Studies of Conjugate Cuprate Addition.2 
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Since the model studies worked well, an attempt was made to convert the vinylic 
bromide (4) to the vinyl cuprate, in situ.  The cuprate was generated from 4 by treating 1 
equivalent of 4 with 2 equivalents of t-BuLi at -78oC and 0.5 equivalent of Me2S.CuBr. 
The cuprate was then treated with 0.88 equivalent of methacrolein at -40oC.  After one 
hour of stirring, the solution was warmed to 0oC then 3.33 equivalent of TMSCl and 3.33 
equivalent of HMPA were added to the above mixture and allowed to stir for an 
additional hour. After work up and purification, a colorless liquid was obtained (54%). 
Although the TLC showed conversion of the starting material, yet the signature aldehyde 
peak between 9 and 11ppm was absent and the ratio of olefinic protons to methylene 
protons led to the conclusion that the biscyclooctadiene compound 6 was made (Scheme 
2.6).  
Cu Li
H O
OH
6
2
 
Scheme 2.6. Formation of Biscyclooctadiene (6) instead of the Michael Product 
While 3 should have served as a useful cyclooctanoid template to synthesize compound 5 
via copper chemistry, it was rationalized that 7 could lead to 5 using copper chemistry  
according to the retrosynthetic route outlined in scheme 2.7 below. 
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Scheme 2.7. Preparation of 5 from Bromocyclooctene2b via Cuprate Chemistry. 
The initial plan involved making 5 directly from 2-bromo-1,3-cyclooctadiene (4) (scheme 
2.6); however, the synthesis of the corresponding cuprate (scheme2.6) proved difficult. 
But, there is precedence in the literature2b where the bromocyclooctene (8) was easily 
converted to the corresponding cuprate, probably due to the lack of interference from a 
second vinyl moiety. 
O O
CuLi
2
THF, Et2O
-70 oC
Cu
Li
OO
Br
t-BuLi (8.9mmo)l
4.4mmol
Pentane, -70 oC, 3min
CuBr.SMe2
(2.2mmol)
1)
Et2O, -40oC, 20 min
2)
 
Scheme 2.8. Precedence for the Synthesis of Vinyl Cuprate from 1-Bromocyclooctene.2 
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2.3 Enolate-based Routes 
2.3.1 Alkylation 
The formation of biscyclooctadiene (6) from the cuprate chemistry in section 2.2 
led to the development of a new route based upon an SN2 alkylation of the enolate of 
methylisobutyrate to attach the appendage (3Cs) to the 1, 3-cyclooctadiene core 
according to Scheme 2.9 below. 
O
OTs
O H
OH
Li
H
H
O
Br
4
5
10
11
 
Scheme2.9. Funtionalization of 8-Membered Skeleton via Alkylation 
The allylic alcohol (10) was prepared from the vinyl lithium generated4a from compound 
4 and paraformaldehyde, which was cracked at 185 oC to 200 oC4b.  Treatment of the 
allylic alcohol with pTsCl produced the tosylate that possibly decomposed during column 
purification.  The NMR data obtained after purification (prep TLC) displayed  more 
peaks than crude. Also, the diagnostic peaks in the aromatic region (from the tosylate) 
became less prominent.  Thus, the synthesis of the precursor (5) using the tosylate, in the 
presence of LDA at -78 oC, was not tried per scheme 2.10.  
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i) 2 eq t-BuLi, -78 oC, 1hr
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Scheme 2.10. Attempt to Form Asteriscanolide Precursor via Alkylation 
2.3.2 Alkylation of an α, β-Unsaturated Ketone 
The first 8 membered carbocyclic template used was cyclooctene (7) based upon 
Scheme 2.11.  One equivalent of cyclooctene was treated with two equivalents of 
trichloroacetonitrile and hydrogen peroxide in cold methanol to form the epoxide (12) in 
moderate yield. 5 The epoxide was treated with sodium borohydride reduced 
diphenyldiselenide6 to make the allylic alcohol (13) which was oxidized (PCC) to the  
α, β-unsaturated ketone (14).7  
MeO
O
O
O
OH
O
15 14
13127
O
O
16
 
Scheme 2.11. Retrosynthetic Route for Compound 16. 
  22
It was thought that 14 could be converted to the enolate (14a) in the presence of a 
base to form the thermodynamic enolate, which would have reacted with methyl 
methacrylate in a Michael addition as illustrated in scheme 2.12.  
O
H H
t-BuO K
O   K
OMe
O
Previously done
O
OMe
O
H
BuOH t-BuO K
O
14 14a 20
17  
Scheme 2.12. Formation of the Thermodynamic Enolate. 
Due to the fact that the formation of the thermodynamic enolate from 14 was impossible 
under these conditions, several attempts were made to generate 17 via deconjugation 
using the chemistry outlined in scheme 2.13.  
O
1eq
H
N + n-BuLi THF, -78
oC
30min
N
Li
1.39eq CuCN
3eq LiCl
40min
N
2 2
CuCNLi230min
+
OSiEt3
1eq
Et3SiCl
49%  
Scheme 2.13.8 Model Study to Demonstrate the Deconjugation of the α, β-Unsaturated 
Ketone7. 
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The addition of the Gilman cuprate8, 9 of lithium diisopropyl amide as a reagent for the 
Michael addition to the α, β-unsaturated ketone (14) was tried.  The conjugate addition of 
the Gilman cuprate of lithium diisopropylamine to the unsaturated ketone formed a silyl 
enol ether intermediate upon trapping with Et3SiCl.  When this silyl enol ether was 
subjected to column chromatography, elimination of the diisopropyl amine occured to 
provide the α, β-unsaturated ketone (17).  When the above scheme failed to produce the 
α, β-unsaturated octenone, an old organometallic procedure used by Kharasch in 194510 
was also investigated.  In Karasch’s approach, a Grignard reagent was added to the α, β-
unsaturated ketone (scheme 2.14). 
OO
FeCl3, MeMgBr
DME
i)  LDA
ii) CuCN
iii) Et3SiCl
A
B
C
Fe(0), MeMgBr
Me3SiCl, Et3N
DME, 0 oC
1714
 
Scheme 2.1410 Attempt to Convert the α, β-Unsaturated Ketone to the γ,δ-Unsaturated 
Ketone. 
 
After tautomerization of the silyl enol ether and elimination of the methyl group, 
the deconjugation was achieved in cases with the six membered rings.  But, the products 
from all the attempts to deconjugate 14 resulted into the formation of a sticky material, 
which was hard to characterize by TLC and NMR due to its gummy nature.  Thus, 1, 3-
cyclooctadiene 3 was used to prepare 17 directly from the homoallylic alcohol (19). Like 
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the cyclooctene, the cyclooctadiene was oxidized with 32% peroxyacetic acid to make 
cyclooctene 3, 4-epoxide11 (18).  The oxirane was opened with lithium aluminum hydride 
to form the alcohol which was subsequently oxidized to the γ, δ- unsaturated ketone7 
(17).  
O
Na2CO3
32% CH3COOOH
CH2Cl2, rt, 79%
O
LiAlH4, 0 oC, 6hrs
        57%
PCC, rt, 8hrs
50%
3 18
1917
OH
 
Scheme 2.15. Formation of the γ, δ-Unsaturated Ketone. 
 
 Compound (17) was selectively deprotonated at the allylic position to form the 
corresponding conjugated enolate.  This enolate reacted, in situ, with methyl methacrylate 
via a 1, 4-Michael addition to form a pure diastereomeric mixture of 20 in 26% yield.   
The ketone carbonyl was protected in the presence of dry ethylene glycol and pTsOH in 
refluxing benzene (with azeotropic water removal) to form compound 21.  An attempt 
was made to make 21b by treating compound 21a with 1.1 equivalents of LDA at –78oC 
and 4.0 equivalents of methyl iodide in the presence of THF: HMPA according to scheme 
2.15.  The TLC of the crude reaction and the NMR obtained after work up showed the 
presence of unreacted starting material. 
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Scheme 2.16. Attempted Formation of the Quaternary Carbon via Alkylation. 
 
2.3.3. Alkylation via SN2 Oxirane Ring Opening. 
To circumvent this new obstacle, it was decided to open12 the oxirane (18) with a suitable 
alkyl nucleophile (scheme 2.17).  This protocol is a recently discovered transformation 
where BF3.OEt2 plays a key role in opening the oxirane ring via an SN2 pathway.  
Li
O
O OOH OR
22a; R=H
22b; R=TBDMS
OR
BF3.OEt2 23
18
Epoxide Rearranged Product
OH
R'Li
Without BF3.OEt2
25
(R'Li)
 
Scheme 2.17. BF3.OEt2-Assisted Oxirane Ring Opening by a Lithium Nucleophile. 
 
However, the base-catalyzed epoxide rearrangement is obtained without BF3.OEt2.  
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The organolithium nucleophile, from 26, was prepared and used in situ according to 
Scheme 2.18.13 
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OH
BF3.OEt2
1eq
 24
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SN2'
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27d
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Scheme 2.18. Epoxide Ring Opening with OrganoLithium Reagent. 
At the completion of the reaction, TLC showed one major product and two other 
additional small stains on the plate, thus, purporting the preponderance of one compound, 
27d. The NMR obtained from the major product showed two olefinic peaks between 5.6 
ppm and 6.0 ppm.  The desired compound, shown below in Figure 2.2, 
OHHd
Hb
Ha
Hc OTBDMS
27a  
Figure 2.2. Possible Product Formed via SN2a Epoxide Ring Opening 
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should not have a triplet at 5.0 ppm as observed for 27d. Proton Hc should be split by at 
least three other protons; Hb, Hd and the methylene protons adjacent to the gem-dimethyl 
unit.  Even if the coupling constant for the fourth, allylic proton (Ha) is zero, Hc should be 
split into a quartet or something more complex, but, the absence of a triplet was observed. 
The compound shown in figure 2.3 could account for the triplet at 5.0 ppm (proton Hc), 
but is inconsistent with the other features of the NMR such as the absence of a quartet for 
Hd. 
Hb
Ha
Hc
OH
TBDMSO
Hd
27b  
Figure 2.3. Possible Product Formed via SN2b Epoxide Ring Opening. 
Also, the chemical shift of Hd is too far downfield to be consistent with 27b.  
The triplet at 5.0 ppm could be accounted for by compound 27c, if proton Hc has a zero 
coupling constant with Hd', though unlikely but not impossible.  However the 2D-COSY 
spectrum is not consistent with this structure.  
Hb
Ha
HcHOHd
Hd'
OTBDMS
27c  
Figure 2.4. Possible Product Formed via SN2' Epoxide Ring Opening. 
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Thus, the most likely structure for the NMR is the bromohydrin (27d). It is completely 
consistent with the four downfield signals obtained in the proton NMR.  Both chemical 
shifts and splitting patterns are consistent. 
OHHd
Hc
Hb
Ha
Br
27d  
Figure 2.5. Halohydrin. 
2.3.4. Alkylation of Cyclooctane Skeleton via Aldol Reaction 
 
One of the most common synthetic methods of stitching together two carbons is 
via the aldol reaction.  This involved the addition of the nucleophilic carbon of the 
enolate from compound 29 to the carbonyl of the formyl unit of 28.  Thus, it was thought 
that the precursor could be made by following the route outlined in scheme 2.19. 
 
 
O OMeO OMeO
OH
CHO
OMeO
LiBr
5 31 30
29
284  
Scheme2.19. Aldol Route Towards Asteriscanolide. 
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First, the formyl (28) was made by treating the the vinyl bromide with t-BuLi and DMF 
at -78 oC under an atmosphere of argon. The enolate14 generated from 29 in the presence 
of LDA reacted with 28 to produce 30 in moderate yield (56%). 
Br
2eq t-BuLi
-78 oC to 0 oC, ether, Ar
4.2eq DMF
0 oC to rt
i)
ii)
CHO
OMe
O
iii) 1.1eq LDA, Ar, THF
OMe
OH O4 28
30
29
OMe
O
56%
 
Scheme 2.20. Aldol Condensation to Make 30. 
 
2.3.4.1 Dehydroxylation of Aldol Product 
This route results in the generation of the of the allylic alcohol, 30. But, the desired 
substrate (5) does not have a hydroxyl group at the C-10 position (allylic carbon on the 
aliphatic chain).  Thus, the product from the aldol reaction required the removal of the 
allylic hydroxide.   A probe of the literature reveals that there have been many reactions 
used for deoxygenation.15-25  Though, there is an abundance of examples for this purpose 
(deoxygenation), however, the challenge is to find an example that would lead to the 
dehydroxylation of compound 30.  These examples illustrated that various hydrogen atom 
donors can donate a hydrogen atom to form a new C-H bond from an existing C-X bond 
(X= F, Cl, Br, I, O, S) bond (Table 2.1).  The Barton McCombie reaction was featured 
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most prominently in the literature. According to this protocol, alcohols are converted to 
their respective thiocarbonate ester derivatives (xanthates).   
 
Table2.1. Methods of Dehydroxylation.15-24 
OH H
MeO
O
OH
MeO
O
OC
S
R
H
AcO
O
O
O
O
O
O
H
O SMe
S
H
O C=CHR"
CR'
R
O
CH2
R'
R
AcO
R OAc
OH
R OAc
OH
H
H
Entry Substrate Product(s)
115
317
418
519
620
721
+
822
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The xanthates are then reduced under free radical conditions using n-Bu3SnH and AIBN 
(Azobisisobutyronitrile).  The xanthate20 was made by closely following the  route below 
(scheme 2.20). 
OH
30 33
1) CS2, 18-Crown-6-ether
     
     t-BuO K, CH2Cl2, 2hr
2) MeI, O.5hr, rt
COOMe
OCS2Me
COOMe
23%  
Scheme 2.21. Formation of the Xanthate. 
The TLC results also showed an abundance of spots and the yield (23%) isolated from 
the major spot was low.  The ratio of the methyl peaks of the carbamate (CS2Me) and the 
methyl peak of the ester (COOMe) was not the expected 1:1 as shown in figure 2.6 
below.  
  
 
Figure 2.6. 1H-NMR Spectra of Xanthate of 30. 
CS2Me CO2Me 
       ~2:1  
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Thus, the synthesis of the thionocarbonate ester of 30 was made according to Fu’s25 
modification of the Barton Mc Combie reaction (scheme 2.22). 
OH
30
34a
COOMe
O
COOMe
Ph O C
S
Cl
Pyridine, Toluene
Reflux, 8hrs, 27%
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S
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34b
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Scheme 2.22. Formation of Thionocarbonate 
 
The TLC showed the disappearance of most of the alcohol peak and the appearance of 
the presumable product, the thionocarbonate (33).  But, the IR spectra of the major 
isolated product showed an unexpected carbonyl peak.  A careful observation of the 
1H-NMR spectra confirmed the formation of 34 due to the presence of one group of three 
olefinic peaks between 5.69-5.79 instead of the usual ratio of 2:1 (two groups) in the 
olefinic region.  Also, the 13C-NMR showed two carbonyl peaks instead of one.  These 
observations are evident of the occurrence of a rearrangement of the thionoformate to the 
Cope derivative, 34, which has a carbonyl in its structure.  Allylic thionoesters26-30 can be 
prepared and isolated, but they have a short shelf life and are easily rearranged to the 
thioloformates.  
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Y = NMe2, SMe
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O
SY
 
Scheme 2.23. Conversion of Thionoformates to Thioloformates.29  
 
2.4   Ring Expansion via Palladium Chemistry 
A seven membered methylene cyclopropane ring can be used to make the 8-
membered 1, 3-cyclooctadiene which is substituted in the 2- position according to 
scheme 2.24. 
H
O
O
O
COOMe
COOMe
Cl
PdCl/2
Cl
5 31 39
38373635  
Scheme 2.24. Synthesis of Precursor via Palladium Chemistry. 
 
During the course of the cyclopropanation reaction,31 a strong base, n-BuLi, was used 
to deprotonate 1,1-dichloroethane to form the unstable carbene which immediately 
reacts with the cycloheptene to form the bicyclomethyl chloride (36). This chloride 
was heated in DMSO at 90oC for two hours to form the methylenecyclopropane (37) 
according to scheme 2.25 below.  
  34
1eq CH3CHCl2
1eq
1eq n-BuLi, Et2O
-30oC to -40oC
1hr
Cl
1eq t-BuO K
DMSO, 90oC, 2hrs
27% 21%
35 36 37
 
Scheme 2.25. The Synthesis of Methylenecyclopropane from Cycloheptene. 
 
A palladium (II) chloride complex35 (PdCl2(PhCN)2) was dissolved in methylene chloride 
followed by the addition of an equimolar amount of methylenecyclopropane. The 
solution was mixed for 30 minutes and purified by flash chromatography to obtain the 
pure palladium complex (38) (Scheme 2.26). Then the palladium complex was treated 
with 1equivalent of sodium malonate which was generated from one equivalent of 
dimethyl malonate and 4 equivalents of NaH to form 1, 7-cyclooctadienyl-
1ylmethylpropanedioate (39) in 43% yield. 
HH
7
1eq
PdCl2(PhCN)2
1eq
CH2Cl2, 30mins, rt
36
H H
8 H
Cl
PdCl/238
COOMe
COOMe
39
43%
COOMe
COOMe
1eq
4eq NaH
1.03eq PPh3
THF, 20hrs, rt
 
Scheme 2.26. Formation of “Cyclooctane” Ring from Cycloheptene. 
 
The main disadvantages of this synthetic route include: low yield; the cost of palladium 
catalysts; and the difficulty in purification of the chlorocyclopropane. Also, the palladium 
catalyst used was expensive and requires a lot of time to prepare.  
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2.5.  Successful Preparation of Aldehyde Substrate for the HPK Reaction 
Based upon the facts of the previous sections, a new route was engineered that proved to 
be successful. An attempt was made to convert alcohol (10) into the corresponding 
tosylate as described in section 2.3.1. However, the isolation of the tosylate was difficult, 
but, alcohol (10) was smoothly converted into bromide (40). 
Br
MeO O
LDA OMeO
OHCHO
O OH OMeO
Br
5 41 31 40
102843
 
Scheme 2.27. Alkylation of Allylic Bromide  
  
One equivalent of 1, 3-cyclooctadiene was treated with 1equivalent of pyridinium 
tribromide in acetic acid at room temperature for ten minutes.  The crude mixture 
obtained after work up was refluxed with 4 equivalents of KOH in isopropanol for 23 
hours.  The formyl (28) formed was reduced by 1.2 eq of NaBH4 to obtain the alcohol 
(10).  10 was also made directly from the lithium derivative of the vinyl bromide (4) in 
the presence of cracked paraformaldehyde. But, using cracked formaldehyde is very 
messy. But, the two sequenced protocol was cleaner and more preferable than the messy 
one sequenced protocol. Both routes produced high yields, further increasing the bias 
towards the two sequenced route.  
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            91%
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1) 2eq t-BuLi
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2) 4eq DMF, 8hrs, 0oC
     77%
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CeCl3.7H2O in
MeOH)
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CH3CN, Ar
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O
OMe
-78 oC, 4.5hrs
       95%
OMeO
Br CHO
OH
Br
3 4 28
1040
31
O
OMe
0oC-rt, 2-3hrs, 85%
Ether, Ar, -78oC, 1hr.  
Scheme 2.28. Synthesis of Compound 31. 
 
The reduced alcohol was brominated with 1.1 equivalents of CBr4 in the presence of 
1.1equivalent of PPh3 in CH3CN. The allylic bromide was stable and easily alkylated 
with the enolate generated from 2 equivalents of methylisobutyrate and LDA at -78oC. 
The ester was reduced with 2 equivalents of DIBAL at -78oC under argon to form 90% of 
the alcohol which was easily oxidized by PCC in CH2Cl2 at room temperature for 12 
hours.  
OMeO
2eq DIBAL, CH2Cl2
-78oC, Ar, 2hr
      90%
OH
3eq PCC
Silica, CH2Cl2
rt, 12hrs, 60%
O
31 41 5  
Scheme 2.29. Conversion of Ester into 5. 
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The precursor (5) was obtained and confirmed by 1H-NMR from the presence of the 
aldehyde peak at 9.5ppm.   
 
Figure 2.7. 1H-NMR of Compound 5. 
2.6.  Conclusion 
In summary, a concise pathway for the construction of compound 5 based upon 
the functionalization of cyclooctadiene has been developed. This was achieved in 9 steps 
with an overall yield of 27%.  
2.7 Experimentala 
a: experimental procedures arranged in numerical order by compound number. 
 
• General.   
Matrix Assisted Laser Desorption Ionization mass spectra were acquired using a Bruker 
Proflex III MALDI mass spectrometer with either anthracene or dithranol matrices.  FT-
IR spectra were recorded at room temperature on a Perkin-Elmer 1760X FT-IR 
  38
spectrophotometer. UV-Visible spectra were recorded at room temperature on a 
Spectramax Plus (Molecular Devices).  Analytical thin-layer chromatography (TLC) was 
performed using general-purpose silica gel on glass (Scientific Adsorbants).  Flash 
chromatography columns were prepared with silica gel (Scientific Adsorbants, 32-63 µm 
particle size, 60Å).  All other chemicals were purchased from Sigma or Aldrich and used  
without further purification.  Proton (1H-NMR) NMR and 13C-NMR spectra were 
acquired on a Bruker DPX-250, DPX-400, or AMX-500 spectrometer.  All δ values are 
reported with (CH3)4Si at 0.00 ppm or C6D6 7.27 ppm as references.   
• Bis(Cyclopentadienyl)titanium bis (trimethylphosphine), [Cp2Ti(PMe3)2 (2)39 
In a dry box, PMe3 (15.28 g, 0.20 mol) was added to a mixture of Mg powder  
(4.32 g, 0.18 mol), Cp2TiCl2 (10.0 g, 0.04 mol) in THF (250 mL) present in a 500-mL 
RBF. The reaction mixture was tightly sealed and stirred for 20hr. The THF was removed 
from the reaction mixture under vacuum and the residual solid chunks were crushed into 
fine powder and extracted with pentane (200mL). The pentane extract was filtered 
through a pad of celite in a 350mL frit funnel. The celite powder was rinsed with more 
pentane until it became white. The pentane was removed under vacuum until only 100mL 
of it (pentane) was left. After storage at -33oC for a duration of a night, the solution was 
stored in the fridge at -33oC overnight. The solution was filtered to reveal shiny black 
crystals as tiny needles which were dried under vacuum. The mother liquor was 
concentrated to dryness to recover the remaining crystals. The products were combined 
and weighed. Yield. 6.93g (Overall. 52%). 
 1H NMR (250MHz, C6D6); δ 4.56 (s, 10H), 0.83(s, 18H). 
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• 2-Bromo-cycloocta-1,3-diene (4)1 
Pyridinium tribromide (44.78 g, 0.14 mol) was dissolved in 100mL of AcOH in a 500mL 
RBF equipped with a stir bar.  Cyclooctene (3) (15.05 g, 0.139 mol) was added slowly so 
that the temperature in the flask does not change by more than 3 degrees.  The mixture 
was stirred for 10 minutes, diluted with 250mL of H2O, and transferred to a separatory 
funnel where it was extracted with CH2Cl2 (4 x 50mL).  The combined CH2Cl2 layers 
were washed with brine (3 x 100mL), NaHCO3 (10 x 100mL), dried with MgSO4, filtered 
and the solvent was removed under reduced pressure to obtain a crude mixture of 2, 3- 
dibromocyclooctene (4a) and (4b). The crude was used without further purification. 
KOH (20.2 g, 0.31 mol) was dissolved in warm isopropanol (300mL) in a 5L three neck 
RBF equipped with a magnetic stir bar.  The crude dibromide mixture was dissolved in 
30mL of isopropanol and added dropwise to the warm KOH/isopropanol solution.  After 
the addition was complete, the solution was refluxed for 23 hours, cooled to room 
temperature, quenched with H2O (500mL) and extracted with ether (5 x 100mL).  The 
combined ether extracts were washed with brine (3 x 200mL), dried (MgSO4), filtered, 
and the solvent removed under vacuum.  The brown oil was chromatographed with pure 
hexane to obtain a yellow oil.  Yield 13.2g (Overall. 51%). TLC (Silica gel, hexane, Rf , 
0.67). 1H NMR (250 MHz, CDCl3): δ 1.49-1.53 (m, 4H), 2.15-2.24 (d, 4H),  
5.65-5.74 (m, 1H), 5.89-5.93 (d, 1H), 6.05-6.12 (t, 1H); 13C NMR (62.5MHz, CDCl3): δ 
22.77, 23.50, 28.32, 29.91, 119.42, 128.09, 133.16, 134.28. 
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• 3-Cycloocta-1,7-dienyl-2,2-dimethyl-propionaldehyde (5) 
A 50 ml flask was charged with 8.5g of silica, compound 41 (2.11 g, 11.0 mmol), PCC 
(7.03 g, 33 mmol) and 25mL of anhydrous CH2Cl2.  The flask was capped and allowed to 
stir for 12 hrs at room temperature.  The crude was flash chromatographed  
(5% ethyl acetate/hexane) to obtain a yellow oil (5). Yield 1.26g (Overall. 60%).  
TLC (Silica, 2% ethyl acetate /hexane, Rf, 0.39).  1H NMR (250 MHz, CDCl3); δ  
9.50 (s, 1H), 5.62-5.61 (m, 3H) 2.28 (s, 2H), 2.08 (s, 4H), 1.38, (s, 6H); 13C NMR  
(62.5 MHz/CDCl3): 206.74, 134.42, 132.33, 131.29, 128.84, 47.08, 46.29, 29.38, 28.26, 
24.41, 22.70, 22.62.  IR (neat, cm-1): 2927, 2800, 2150, 1722, 1460, 910, 734.  
Elemental Analysis/HRMS: 
• 1,2-Dibromo-cyclooctane (8a)3b 
Cyclooctene (7) (8.16 g, 0.074 mol) was dissolved in CCl4 (100 mL) and cooled to 0oC.  
Then 30% HBr (20 mL, 0.074mol) was slowly added to the chilled solution.  The 
solution was allowed to stir for about 15min, then 30% H2O2 (16.3 mL, 0.015) was 
added, dropwise, to the above solution.  The mixture was stirred for 2hrs, diluted in H2O 
(50 mL), then extracted with CH2Cl2.  The combined CH2Cl2 extracts were washed with 
NaHCO3 (3 x 25 mL), brine (3 x 25mL), dried (MgSO4) and the solvent was removed 
under vacuum.  The crude was purified by distillation (vacuum) to obtain a yellowish oil.  
Yield. 7.28 g. (Overall. 36%).  TLC (Silica, 2% ethyl acetate/hexane, Rf, 0.51). 1H NMR 
(250 MHz, CDCl3); δ 4.60-4.57 (m, 2H), 2.47-2.37 (m, 2H), 2.15-2.11 (m, 2H),  
1.85, (s, 2H), 1.69-1.46 (m, 6H).  
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• 1-Bromo-cyclooctene (8b)3a 
A 250 mL RBF holding a mixture of 1,2-dibromocyclooctane 8a (6.98 g, 0.03 mol), 
morpholine (7.96 g, 0.091 mol), DMSO (15.07 g, 0.19 mol) and KOH  
(0.84 g, 0.015 mol)  in EtOH (26 mL) was stirred under reflux (85oC) for 30hrs.  After 
cooling, the mixture was poured into an ice-cold 2N HCl(aq) (100 mL) and extracted 
with CH2Cl2 (4 x 60 mL).  The combined CH2Cl2 extracts are washed with 2N HCl (aq), 
H2O (3 x 100 mL), brine (3 x 100 mL), NaHCO3 (3 x 100 mL) and dried over MgSO4. 
The solvent was removed and the residue distilled under reduced pressure to obtain a 
clear colorless oil.  Yield. 2.39g. (Overall yield. 42%).  TLC (Silica, 5% ethyl 
acetate/hexane, Rf, 0.71). 1H NMR (250 MHz, CDCl3); δ 6.01-5.95 (t, 1H),  
2.64-2.59 (m, 2H), 2.10 (s, 2H), 1.75, (s, 2H), 1.53 (s, 6H); 13C NMR (62.5MHz/CDCl3): 
132.11, 125.22, 35.54, 32.01, 30.26, 29.03, 27.86, 26.81, 25.86. IR (neat, cm-1): 2927, 
2800, 2150, 1722, 1460, 910, 734.  
• Cycloocta-1,7-dienyl-methanol (10) 
Method A4 
A 500 mL three neck flask was pre-dried and allowed to cool under a steady flow of 
nitrogen.  The flask was charged with dry ether (200mL), compound 28  
(7.03g, 0.04mol) and t-BuLi (1.7M, 4.71mL, 0.08mol) which was added drop wise via a 
syringe to the ether solvent in the flask.  The solution was allowed to stir for 30 minutes. 
Reaction flask B (250 mL), containing paraformaldehyde (11.00 g) was placed in a 
preheated oil bath (200 oC)  connected to flask A via a wide bore syringe.  The cracked 
paraformaldehyde in flask B was pushed into flask A with a gentle and steady stream of 
nitrogen.  Upon complete addition of the cracked paraformaldehyde, flask B was 
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removed from the oil bath. The content of flask A was stirred for 2 hours in an ice bath 
and subsequently quenched with cold 1N HCL. The ice bath was then removed and the 
reaction was allowed to warm to room temperature. The solution was extracted with ether 
(2 x 25 mL). The combined ethereal extracts were washed with NH4Cl (aq) (3 x 25 mL), 
dried (MgSO4), filtered and concentrated via vacuum to provide a crude oil which was 
purified by flash column chromatography (5% ethyl acetate/hexane) to afford pure 10 as 
yellow oil. Yield.32 g (Overall. 62%) TLC (silica gel, 10 % ethyl acetate/hex, Rf, 0.13). 
1H NMR (250 MHz, CDCl3): δ 1.33 (s, 1H), 1.50-1.43 (d, 4H), 2.16 (s, 4H), 4.09 (s, 2H),  
5.66-5.71 (t, 1H), 5.82-5.85 (m, 2H); 13C NMR (62.5 MHz, CDCl3): 23.88, 24.92, 28.80, 
29.90, 68.58, 126.61, 128.95, 135.11, 137.5; IR (neat, cm-1) 3368(br), 2926, 2854, 1449, 
1366, 1052, 1022, 920, 854, 737. 
Method B 
Alternatively, compound 10 was made when compound 28 (1.9g, 0.014mol) was 
dissolved in 9.25 mL of 0.4M CeCl3 in methanol and to 0oC. NaBH4  
(0.53 g, 0.014 mol) was slowly added with continuous stirring.  After five minutes, the 
mixture was quenched with ethyl ether:acetic acid (10 mL: 0.1 mL) and allowed to stir 
for an additional ten minutes at 0oC.  The solution was extracted with ether  
(3 x 15 mL).  The ether layers were combined and washed with brine (3 x 15mL), dried 
(MgSO4), filtered and concentrated under vacuum to obtain crude 10.  The crude was 
purified via prep TLC (10% ethyl acetate/hexane, Rf, 0.13) to obtain pure colorless oil. 
Yield. 1.93 g (Overall. 83%). 1H NMR (250 MHz, CDCl3): δ 1.33 (s, 1H),   
1.50-1.43 (d, 4H), 2.16 (s, 4H), 4.09 (s, 2H), 5.66-5.71 (t, 1H), 5.82-5.85 (m, 2H); 
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 13C NMR (62.5 MHz, CDCl3): 23.04, 24.08, 27.96, 29.06, 67.70, 125.78, 128.08, 
134.24, 137.78; IR (neat, cm-1): 3368(br), 2926, 2854, 1449, 1366, 1052, 1022, 920, 854, 
737. 
• 9-Oxa-bicyclo [6.1.0]nonane (12)5 
100 m L of MeOH was placed in a 2 L three-necked flask.  The flask was placed 
in an ice bath equipped with a mechanical stirrer and a thermometer. To the cold MeOH,  
cis-cyclooctene 7 (25.0 mL, 21.15 g, 0.19 mol) and trichloroacetonitrile (38.5 mL,  
55.4 g, 0.38 mol) were added.  This was followed by addition of KHCO3 to obtain a  
solution of pH = 9.  Then 30% H2O2 (29.13mL, 9.7 g, 0.38 mol) was added dropwise 
while maintaining the temperature between 25-35 oC.  The mixture was allowed to stir 
for 12 hrs.  The reaction mixture was then diluted with 50 mL of satd. NaCl and extracted 
with CH2Cl2 (4 x 100mL).  The combined organic layers were dried and solvent was 
removed under vacuum.  The crude product was purified with vacuum distillation (high 
vacuum, ~ 98 oC) to afford pure compound 12.  Yield. 20.9g (Overall. 87%).  
TLC (5% ethylacetate/hexane, Rf, 0.26). H NMR (250 MHz, CDCl3):  
δ 2.90-2.84 (m, 2 H), 2.15-2.09 (m, 2 H), 1.60-1.40 (m, 8 H), 1.27-1.22  (m, 2 H).  
• Cyclooct-2-en-ol (13)6 
To a three-neck flask equipped with a thermometer and a mechanical stirrer, 100ml of n-
BuOH was added (under N2) followed by diphenyl diselenide (12.49 g, 0.04 mol).  A 
sufficient amount of NaBH4 (3.00 g, 0.08 mol) was added to the above solution and the 
mixture was allowed to stir until a persistent gray color was obtained from a yellow 
solution. The epoxide 12 (10 g, 0.08mol) was added and allowed to reflux for 16 hrs 
under N2. To the cooled solution, THF (90 mL) and 30% H2O2 (8 mL, 17.3 g, 0.5 mol) 
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were added and the mixture was allowed to stir for an additional 4 hrs at room 
temperature.  The slurry was dissolved in H2O (300 mL) and extracted with ether  
(4 x 100 mL).  The combined ether layers were washed with NaHCO3 (4 x 100mL), dried 
and the solvent was removed under vacuum.  The crude product was purified by vacuum 
distillation (110 oC, high vacuum) to yield compound 13.  Yield. 5.6g. (Overall. 55%).  
TLC (10% ethyl acetate/hexane, Rf, 0.09). 1H NMR (250 MHz, CDCl3 ): δ  
5.63-5.52 (m, 2 H), 4.69-4.63 (m, 1 H), 2.20-2.10 (2 H), 1.91-1.90 (m, 1H),  
1.67-1.38 (m, 8 H).  IR (neat, cm-1); 3390, 2861, 1721, 1658, 1458. 
• Cyclooct-2-enone (14) 
To a slurry of pyridinium chlorochromate (PCC) (9.00 g, 0.14 mol), in dry CH2Cl2 (250 
mL) was added some silica (8 g) and alcohol 13 (9.00 g, 0.071mol). After 6-8 hrs of 
stirring under N2, the slurry was poured onto a packed silica column and washed with 
30% ethyl acetate/hexane mixture.   Further purification of the crude was accomplished 
using 5% ethyl acetate/hexane which afforded pure compound 14 as a yellow oil.  Yield 
5.4g. (Overall. 61%).  TLC (5% ethyl acetate/hex, Rf, 0.33). H NMR (250 MHz, CDCl3 ): 
6.41-6.36 (m, 1 H), 6.07-6.02 (d, 1 H), 2.72-2.66, (t, 2H), 2.56-2.51 (m, 2H), 1.91-1.83 
(m, 2 H), 1.63-1.58 (m, 4H).  13C NMR (62.5 MHz, CDCl3): 199.95, 140.19, 136.61, 
40.62, 28.68, 28.28, 25.60, 23.50.  IR (neat, cm-1): 3017, 1653, 1680. 
• Cyclooct-3-enone (17)7 
A 2 L round bottom flask, equipped with a magnetic stirrer, was charged with 0.65L of 
dried CH2Cl2. Then, Silica gel (20g) was added, followed by PyridiniumChloro Chromate 
(PCC) (30.56 g, 0.139 mol). The alcohol 19 (8.93 g, 0.071 mol) dissolved in CH2Cl2 (10 
mL), was added drop wise and the mixture was stirred for 6-8 hr at room temperature.  
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The reaction mixture was then filtered through a pad of silica and the residue was washed 
with ether (500mL).  The ethereal filtrate was concentrated under vacuum to give crude 
oil 3.  Flash chromatography (30 % ethylacetate/hexanes) of the crude yielded pure 17.  
Yield. 4.2 g (Overall. 42 %).  TLC (Silica gel, 5 % ether/hexanes, Rf, 0.61).  1H NMR 
(250MHz, CDCl3): δ 5.73-5.69 (m, 1H), 5.60-5.54 (m, 1H), 3.11-3.12 (d, 2H), 2.48-2.43 
(m, 2H), 2.08-2.03 (m, 2H), 1.87-1.82 (m, 2H), 1.62-1.55 (m, 2H); 
 13C NMR (62.5 MHz, CDCl3): δ 170.00, 131.81, 124.47, 44.56, 42.52, 27.41, 26.02, 
24.97; IR (neat, cm-1): 2932, 1736, 1457, 913, 734. 
• 9-Oxa-bicyclo[6.1.0]non-2-ene (18)6   
Cyclooctadiene, 3, (20.9 g, 0.19 mol) was dissolved in 250 mL of CH2Cl2 in a three-neck 
flask. Sodium carbonate (80.61 g, 0.75 moL) was added and the flask was cooled in an 
ice bath.  To the reaction mixture was added, drop wise, a solution of 32% peracetic acid 
(39.75 mL, 14.37 g, 0.19 mol) and sodium acetate (0.73 g).  The mixture was then stirred 
for 12 hrs at room temperature.  Upon completion (monitored through the use iodine 
paper), the crude mixture was extracted with ether (3 x 150 mL).  The combined ether 
layers were dried and solvent removed under vacuum.  The pure product, 18, was 
obtained by distillation under high vacuum.Yield. 21g (Overall. 79%).  TLC (10% ethyl 
acetate/hexane, Rf, 0.9); 1H NMR (250 MHz, CDCl3): δ 5.75-5.72 (m, 1H), 5.59-5.54 (d, 
1 H), 3.44-3.42 (d, 1 H), 3.10 –3.07 (m, 1 H), 2.06-2.02 (m, 1 H), 1.66-1.59(m, 3H), 
1.45-1.40(m, 2H); 13C NMR (62.5 MHz, CDCl3): 134.0, 122.0, 58.24, 54.13, 29.46, 
27.69, 25.96, 25.55;  IR (neat, cm-1): 2930, 2856, 1453, 1034, 1013, 947, 845. 
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• Cyclooct-3-enol (19)6  
A dried three neck 1 L RBF was charged with anhydrous Et2O (250 mL) and 18 (20.0 g, 
0.16 mol).  The solution was cooled to 0oC and LiAlH4 (9.99 g, 0.26 mol) was slowly 
added to the solution.  After 3hrs of stirring at 0oC, the solution was filtered through a 
celite cake.  The cake was thoroughly washed with ether (check with TLC) until all 
organics are eluted.  Concentration of the filtrate provided material the crude material, 
which was purified via column chromatography (10% ethyl acetate/hexane) to afford a 
colorless oil. Yield. 14.91 g (Overall. 74%).  TLC (10% ethyl acetate/hexane, Rf, 0.22).  
1H NMR (250 MHz, CDCl3): δ 5.78-5.59 (m, 2H), 3.86-3.78 (m, 2 H), 2.38-2.12 (t, 2 H), 
1.83-1.63 (m, 2H), 1.60-1.47(m, 6H); 13C NMR (62.5 MHz, CDCl3): 132.74, 126.45, 
66.29, 72.60, 35.45, 34.38, 28.70, 26.1; IR(neat, cm-1): 2930, 2856, 1453, 1034, 1013, 
947, 845 
• 2,2-Dimethyl-3-(8-oxo-cyclooct-2-enyl)-propionic acid methyl ester (20) 
 A dry 25 mL RBF purged with N2, was charged with t-BuOH (7 mL),  
THF (7 mL), t-BuO-K+ (0.056 g, 0.499 mmol) and cyclooctenone 17  
(0.4219 g, 3.375 mmol).  After 15 minutes of stirring at 0oC methyl methacrylate (0.38 g, 
3.38 mmol) was added dropwise via a syringe and the mixture was stirred for 1.5 hr. 
Upon completion, the solution was quenched with CH3COOH and allowed to stir for an 
additional 5-10 minutes followed by the addition of water (10 mL).  The mixture was 
extracted with ether (3 x10 mL), dried (MgSO4).  The solvent was removed under 
reduced pressure and the crude compound purified using chromatography (5% ethyl 
acetate/ hexanes) to obtain pure 20.  Yield 0.2 g (overall 26%). TLC (Silica gel, 5% ethyl 
acetate/hexane, Rf 0.33).  1H NMR (250 MHz, CDCl3): δ 5.75-5.71 (m, 1H), 5.37-5.34 (q, 
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1H), 3.68 (s, 3H), 2.51-2.47 (m, 3H), 2.19-2.12 (m, 3H), 1.89-1.79 (m, 6H), 1.19-1.16 (d, 
3H).; IR (neat,cm-1): 2935, 1736, 1702, 1457, 1378, 1170, 990, 841, 774, 71, 580, 539.  
 
• 3-(1,4-Dioxa-spiro[4.7]dodec-7-en-6-yl)-2,2-dimethyl-propionic acid methyl 
ester (21)  
 
The ketone, 20, (0.87g, 3.9mmol), ethylene glycol (3.39g, 3.9mmol), 
p-toluenesulphonic acid (0.0741 g, 3.9 mmol) and 25 mL of benzene were refluxed 
overnight with continuous azeotropic removal of H20 via a Dean-Stark trap.  The usual 
workup provided a crude material which was purified by column chromatography (5 % 
ethyl acetate/hexane) to obtain pure 21.  Yield 1.02 g. (Overall. 95 %); TLC (5 % ethyl 
acetate,hexane, Rf, 0.1); 1H NMR (250 MHz, CDCl3): δ 5.75-5.71 (m, 1H), 5.37-5.34 (q, 
1H), 3.68 (s, 3H), 3.44-3.41 (q, 1H), 2.51-2.47 (m, 3H), 2.19-2.12 (m, 3H), 1.99-1.79 (m, 
6H), 1.19-1.16, (m, 3H). 
• 3-Bromo-2,2-dimethyl-propan-1-ol (24) 
A solution of acetic acid (20 mL), 2,2-dimethyl-1,3-propanediol (10.4 g, 0.1 mol) and 
30% HBr ( 0.8 mL) were refluxed for 1hr. An additional portion of HBr (29 mL, 1.07 
mol) was added to the refluxing solution (drop wise) and the new mixture was allowed to 
continue refluxing for another 8hr. The flask was cooled and the solvent removed under 
reduced pressure.  The crude product obtained was treated with LiOH (2.4 g),  
H2O (45 mL ) and  DME (135 mL ) and was allowed to stir for 3 hours at room 
temperature. The solution was extracted with ether (3 x 20 mL) and the combined 
ethereal extracts were washed with 1N HCl (3 x 20 mL), brine (3 x 20 mL), and dried 
with MgSO4.  The solvent was removed under reduced pressure and the concentrated oil 
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was distilled under reduced pressure (55 oC/10mm Hg) to yield pure compound 24 as a 
colorless oil.  Yield. 10.0g (Overall. 60%). 
 TLC (silica gel, 10% ethyl acetate/hexane, Rf , 0.4). 1H NMR (250 MHz, CDCl3): δ 3.88 
(s, 2H), 3.22 (s, 2H), 1.08 (s, 6H). 13C NMR (62.5 MHz, CDCl3): 70.08, 42.63, 35.60, 
23.65, 21.21. 
• (3-Bromo-2,2-dimethyl-propoxy)-tert-butyl-dimethyl-silane (25)13 
In a 1 L flask, 3-bromo-2,2-dimethylpropanol (9.5, 58mmol) was dissolved in 200 mL of 
CH2Cl2. Dimethylaminopyridine (2.83g, 0.023mol), triethylamine (7g, 0.73mol) and tert-
butyldimethyl silyl chloride were added to the flask and the contents were stirred at room 
temperature for 12 hrs.  The solution was quenched with H2O (100mL) and extracted 
with ether (3 x 25 mL).  The combined ether layers were washed with 1N HCl (3 x 
20mL), brine (3 x 20 mL), dried (MgSO4), filtered and concentrated to give a colorless 
oil.  Then the crude oil was purified by column chromatography (1 % ethyl 
acetate/hexane) to obtain pure 25.  Yield. 11.2 g. (Overall. 70%).  TLC (Silica gel, 10 % 
ethyl acetate/hexane, Rf , 0.64). 1H NMR (250 MHz, CDCl3): δ 3.35 (4H, s), 0.96 (s, 6H), 
0.89 (s, 9H); 13C NMR (62.5 MHz, CDCl3): δ 69.34; 44.01, 37.33, 25.25, 23.37, 18.65, -
5.12;IR (neat, cm-1): 2958, 1472, 1258, 1102, 838, 778. 
• Lithium (3-Bromo-2,2-dimethyl-propoxy)-tert-butyl-dimethyl-silane (26) 
To a 25 mL RBF flushed with N2 was added 5 mL of dry ether and thinly cut Li wire 
(0.033 g, 4.76mmol).  The flask was placed in an ice water bath and compound 25, in a 
solution of ether, was added slowly while stirring.  The suspension was allowed to stir 
until the shiny surfaces of the lithium pieces were tarnished, or until two hours was 
reached.  The alkyl lithium solution was used (in situ) without further purification.  
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• Cycloocta-1,7-dienecarbaldehyde (28) 
 
The dibromide, 4, (0.5g, 2.67mmol) was dissolved in 5 mL of dry ether under a steady 
stream of nitrogen in a thoroughly dried 25 mL flask.  Then the flask was cooled to -78 
oC (dry ice/acetone slush) and 1.7M t-BuLi (3.14 mL, 5.34mmol) was added drop wise to 
the chilled flask).  The mixture was allowed to stir for one hour and allowed to warm up 
in an ice bath to 0 oC.  At this point, DMF (0.83 mL, 11.0 mmol) was added very slowly. 
(Rapid addition would quickly form a gum in the flask thereby preventing stirring).  The 
solution was stirred till the flask warmed up to room temperature  
(about 8 hrs) then quenched with NH4Cl and stirred for another 15 mins. Et2O  
(3 x 10 mL) was used to extract the crude from the mixture.  Combined ethereal layers 
was washed with dilute HCl (3 x 10 mL), H2O (3 x 10 mL) and dried over MgSO4. 
Solvent was removed to obtain a dark yellow oil, which was purified (though not 
necessary) to give a yellow oil.  Yield 0.28g (Overall. 77%), TLC (Silica gel, 5 % ethyl 
acetate/ hexane, Rf, 0.27).  1H NMR (250 MHz, CDCl3): δ 1.52-1.59 (m, 2H), 1.72-1.70 
(m, 2H), 2.19-2.14 (m, 2H), 2.52-2.47 (m, 1H), 5.93-5.80 (m, 1H), 6.17-6.12 (1H),  6.69-
6.63, (t, 1H), 9.46 (s,1H); 13C NMR (62.5 MHz, CDCl3): δ 23.01, 28.54, 29.69, 32.00, 
121.24, 135.07, 140.95, 153.94, 194.92. IR (neat cm-1): 3477, 2931, 1690, 1448, 1145, 
914, 733.  
• 3-Cycloocta-1,7-dienyl-3-hydroxy-2,2-dimethyl-propionic acid methyl ester 
(30) 
 
LDA was prepared by adding diisopropylamine (1.72 g, 0.017 mmol) in THF (5 mL) in a 
dried RBF (25 mL) under argon gas.  The flask was cooled in an ice bath and n-BuLi in 
hexane (1.6 M, 10.63 mL, 17 mmol) was added, dropwise and the mixture was stirred for 
  50
one hour.  After cooling the flask to -78oC, methylisobutyrate (1.5 g, 0.015 mmol), which 
was dissolved in 1.0 mL of THF, was slowly added to the LDA solution and allowed to 
stir for 1 hour.  Then, the aldehyde, 28 (2.0g, 15mmol) dissolved in THF (0.1mL) was 
added dropwise.  The solution was stirred for 4 hrs at -78 oC and the cold bath was 
removed and the solution allowed to stir till the reaction mixture arrived at ambient 
temperature.  The solution was then quenched with NH4Cl and extracted with ether (3 x 5 
mL).  The ethereal layers were combined and washed with brine (3 x 10mL), dried over 
MgSO4 and filtered.  The solvent was removed to obtain the crude product as a clear 
yellow oil which was purified by column chromatography (pure hexane followed by 10% 
ethyl acetate /hexanes) to give pure colorless 30. Yield 2.0 g (56 %).  TLC (Silica gel, 10 
% ethyl acetate/hexanes, Rf 0.21).  1H NMR (250 MHz, CDCL3): δ 1.29 (s, 3H), 1.22 (s, 
3H), 1.44-1.58 (s, 4H), 1.59-1.68 (s, 1H), 2.11-2.18 (s, 4H), 3.65-3.72 (s, 3H),  
4.09-4.16 (d, 1H), 5.68-5.84 (m, 3H); 13C NMR (62.5 MHz, CDCl3): 21.55, 22.67, 23.07, 
24.07, 28.07, 29.20, 32.00, 47.21, 52.19, 125.44, 132.93, 137.67, 138.90, 178.49. 
IR (neat, cm-1): 3485, 2927, 2857, 1690, 1448, 1265, 1211, 1018, 738. 
• 3-cycloocta-1,7-dienyl-2,2-dimethyl-propionic acid methyl ester (31) 
LDA was prepared fresh from diisopropyl amine (3.5 mL, 25 mmol) and 1.6M n-BuLi in 
hexane (14.1mL, 23 mmol) in freshly distilled THF (25 mL) present in a 100 mL three 
neck round bottom flask under constant N2 gas.  The solution was stirred for one hour at 
0 oC and cooled to -78 oC in an acetone /dry ice bath.  This was followed by the slow 
addition of methyl isobutyrate (2.64mL, 23mmol) which was dissolved in  
THF (6 mL) to LDA mixture.  The solution was stirred for an hour which was followed 
by the addition of compound 40 (2.28 g, 11.34 mmol).  After 4.5 hrs of mixing at -78 oC 
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the solution was allowed to warm up to room temperature then quenched with NH4Cl. 
The mixture was extracted with ether (4 x 10 mL), washed with saturated NaHCO3 (3 x 
10 mL) and dried over MgSO4.  Solvent was removed under vacuum to give a clear oil, 
which was chromatographed on silica (5 % ethyl acetate/hexane) to give pure yellow oil 
of 31. Yield 2.40 g (Overall. 94 %).  TLC (Silica, 5 % hexane/ethyl acetate, Rf, 0.35). 
 1H NMR (250 MHz, CDCl3); δ 1.12 (s, 6H), 1.41 (s, 4H), 2.08 (s, 4H), 2.32 (s, 2H),  
3.61 (s, 3H), 5.42-5.41 (t, 1H), 5.60-5.59 (m, 2H).  13C NMR (62.5 MHz/CDCl3): 22.66, 
24.54, 25.95, 28.20, 29.32, 43.21, 49.09, 51.71, 128.91, 130.91, 131.49, 135.22, 178.52; 
IR (neat,cm-1): 3054, 2985, 2928, 1725, 1450, 1265, 1145, 900, 740.  
• 3-Cyclooctad-1,7-dienyl-2,2-dimethyl-3-methylsulfanylthiocaboxyoxy-
propionic acid methyl ester (33) 
 
A DCM (10 mL) solution of compound 30 (2.0 g, 8.4 mmol) was placed in a RBF (25 
mL) equipped with a stir bar and purged with a constant flow of argon.  Then, 18-crown-
6 (1.1 1g, 4.2 mmol), carbon disulphide (0.97 g, 12.8 mmol) and potasium t-butoxide 
(0.942 g, 8.4 mmol) were added to the flask and stirred for 2 hrs at room temperature. 
Iodomethane (1.31 g, 9.24 mmol) was added, followed by 0.5 hr of stirring. The solution 
was filtered and the solvent removed under reduced pressure.  The crude was 
chromatographed (10 % ethyl acetate/hexane) to give a yellow pure compound. Yield 1.7 
g (Overall. 62 %), TLC (Silica gel, 10 % ethyl acetate/hexane, Rf, 0.48). 
 1H NMR (250 MHz, CDCl3):  δ 1.24 (s, 3H), 1.32 (s, 3H), 1.62 (m, 4H), 1.88-2.05 (m, 
4H), 2.41 (s, 3H), 3.60(s, 3H), 4.97-4.98 (d, 1H) 5.64-5.73 (m, 3H). 
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13C NMR (CDCl3, 62.5 MHz): 14.59, 21.55, 22.67, 23.04, 24.07, 28.07, 29.20, 42.18, 
47.20, 50.54, 52.20, 61.15, 125.44, 132.95, 137.66, 178.47. IR (neat, cm-1): 3443, 3055, 
2932, 1682, 1554, 1447, 1265, 1050, 1000, 895, 738. 
• 2,2-Dimethyl-3-(8-phenoxycarbonylsulfanyl-cyclooct-2-enylidene)-propionic 
acid methyl ester (34b)25  
 
Compound 30 (0.37 g, 1.56 mmol), phenyl chlorothionoformate  
(0.3 g, 1.72 mmol) and pyridine (0.15 g, 1.9mmol) were dissolved in anhydrous 
toluene(15 mL) and refluxed for 8 hrs.  The crude was purified with column 
chromatography (pure hexane and 2 % ethyl acetate/hexane) to obtain a yellow oil.  
Yield. 0.15 g. (Overall. 27%).  TLC (Silica gel, 5 % ethyl acetate/hexanes, Rf, 0.47). 
 1H NMR (250 MHz, CDCl3): δ 7.38-7.11 (m, 5H), 5.79-5.70 (m, 3H), 5.41 (s, 1H), 
 4.25-4.19 (d, 1H), 3.66 (s, 3H), 2.09-1.96 (m, 8H), 1.31(s, 6H). 
 13C NMR (62.5 MHz, CDCl3): δ177.37, 169.94, 153.11, 137.52, 135.64, 134.64, 129.89, 
126.46, 122.51, 121.46, 55.95, 52.15, 43.71, 30.93, 30.14, 27.42, 27.03, 26.00, 23.87; 
 IR (neat, cm-1): 2930, 2255, 1726, 1593, 1460, 1101, 904, 740. 
• 8-Chloro-8-methyl-bicyclo[5.1.0]octane (36)46 
Cycloheptene (1.7g, 17mmol) and 1,1-dichloroethane (1.71g, 17mmol) were added to 
anhydrous ethyl ether (10 mL).  The flask was cooled to -30 oC to -40 oC and  
n-BuLi in hexane (1.6 M, 8.9 mL, 14 mmol) was added slowly while vigorously stirring 
the flask for one hour.  The cloudy solution was allowed to warm up to room temperature 
and the solution was quenched with H2O and allowed to mix for another hour.  The clear 
solution was extracted with Et2O (3 x 5 mL), washed with H2O (3 x 5 mL) and dried over 
MgSO4. The solvent and unreacted chloride were removed by distillation  
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(high vacuum) to give 36 as a yellow oil. Yield. 0.56 g. (Overall. 25 %).  
TLC (Silica gel, 10% EA/hex, Rf, 0.34). 1H NMR (250 MHz, CDCl3):  δ 0.90-0.96 (m, 
4H), 1.22-1.39 (m, 6H), 1.58 (s, 3H), 1.70-1.89 (m, 1H), 1.90-2.15 (m, 1H). 13C NMR 
(CDCl3, 62.5 MHz): 26.88, 29.29, 29.52, 29.82, 30.12, 32.94, 76.10, 106.54, 124.00. 
 IR (neat, cm-1): 2975, 1457, 1238, 570. 
• 8-Methylene-bicyclo[5.1.0]octane (37)47 
Compound 36 (1.13, 7.1mmol) and potassium t-butoxide (0.8 g, 7.1 mmol) were 
dissolved in DMSO (5 mL) and refluxed at 90 oC for two hours. The solution was cooled, 
quenched with H2O (5 mL), and extracted with Et2O (3 x 5 mL). The ethereal extracts 
were combined and dried over MgSO4. The solvent was removed and the crude solution 
was chromatographed (2 % ethyl acetate/hexane) to obtain 37 as a colorless oil. 
Yield.0.18 g. (Overall yield. 21 %). TLC (Silica gel, 2 % ethyl acetate/hexane, Rf, 0.9). 
 1H NMR (250 MHz, CDCl3):  δ 1.26-1.25 (m, 4H), 1.57-1.63 (m, 6H), 2.00-2.20 (d, 2H),  
5.30 (s, 2H). 13C NMR (CDCl3, 62.5 MHz): 14.50, 20.81, 23.07, 32.00, 32.98, 101.91, 
143.63; IR (neat, cm-1): 3054, 2929, 2855, 1422, 1265, 740, 465. 
• Palladium dimer (38)48, 49 
A solution of PdCl2(PhCN)2 (0.16g, 0.42mmol) in  CH2Cl2 (50mL ) was reacted with cis-
8-methylenebicyclo[5.1.0.]octane (0.05g, 0.42mmol) for 30 minutes. The solvent was 
removed under reduced pressure and the reddish brown glue was purified via flash 
chromatography (pure CHCl3 ) to obtain a yellow liquid. Removal of the CHCl3 from the 
yellow solution formed bright yellow needles. Yield.0.18 g. (Overall yield. 72 %). 1H 
NMR (250 MHz, CDCl3):  δ 1.33-2.50 (m, 11H), 2.57 (s, 1H), 3.68-3.74 (dd, 1H), 4.2 (s, 
1H), 4.98-5.02 (dd, 1H). IR(neat, cm-1): 3055, 2360, 1423, 1265, 738. 
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• 2-Cycloocta-1,7-dienylmethyl-malonic acid dimethyl ester (39):49 
Oil free sodium hydride (0.005 g, 0.12 mmol) and dimethylmalonate(0.016 g, 0.12 mmol) 
were mixed together in THF (5 mL) in a RBF (10mL).  The solution was allowed to mix 
for a few minutes and transferred to a bigger flask holding the palladium dimer (0.08 g, 
0.12 mmol), PPh3 (0.0944 g, 0.36 mmol) and dried THF (5 mL).  The solution was 
refluxed for 24 hrs and filtered on a celite bed.  The solvent was removed under vacuum 
and purified using chromatography (2:1 hexane/ethyl acetate).  The solvent was removed 
to give a colorless oil.Yield.0.029 g.  (Overall yield.43 %).  
TLC (Silica gel, 10 % ethyl acetate/hexane, Rf 0.34).  1H NMR (250 MHz, CDCl3):  δ 
1.27-1.39 (br, s, 4H), 2.04-2.05 (br, s, 4H), 2.65-2.68 (d, 2H), 3.47-3.5 (t, 1H),  
3.7 (s, 6H), 5.51-5.72 (m, 3H).  13C NMR (CDCl3, 62.5 MHz): 24.41, 25.67, 28.11, 
31.99, 37.09, 51.76, 52.78, 126.83, 129.66, 133.77, 134.07, 170.02. IR (neat, cm-1): 3055, 
2360, 1680, 1423, 1265, 738. 
• 2- Bromomethyl-cycloocta-1,3-diene (40) 
Method A:50 
To a 25 mL RBF, compound 10 (0.45 g, 3.26 mmol) was dissolved in anhydrous ether 
(10 mL) under an argon atmosphere. The flask was placed in an acetone/dry ice bath (-
78oC) and the solution was allowed to cool and stir for 5 minutes. Upon completion, 
pyridine (0.57 g, 7.2 mmol) was added, in one portion.  The mixture was stirred for 
another five minutes and PBr3 was added very slowly to avoid coagulation in the flask.  
The reaction was stirred overnight from -78 oC to room temperature and subsequently 
quenched with ice water. After stirring at 0oC for 30 minutes, the mixture was extracted 
with ether (3 x 10 mL). The combined ethereal layers were washed with 85% 
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phosphorous acid (3 x 10 mL), NaHCO3 (3 x 10 mL), water (3 x 10 mL), dried (MgSO4) 
and concentrated to yield crude oil. The crude oil was purified with pure hexane to yield 
clear oil, 40. Yield 0.32 g (Overall. 49 %).  TLC (Silica, 3 % hexane/ethyl acetate, Rf, 
0.84). 1H NMR (250 MHz, CDCl3); δ 1.50 (s, br, 4H), 2.16 (s, br, 4H), 4.03 (s, 2H), 5.88-
5.81 (m, 3H); 13C NMR (62.5 MHz/CDCl3): 23.90, 25.40, 29.48, 30.27, 40.36, 126.51, 
130.50, 133.62, 135.79;  IR (neat,cm-1): 3400, 2929, 2857, 1690, 1448, 1400, 1265, 1211, 
1018, 738.  
Method B:51 
A solution of 10 (8.32 g, 60 mmol), PPh3 (10.09 g, 0.39 mmol) and CBr4 (12.93 g, 0.039 
mmol) in CH3CN (150 mL) at 0oC was stirred for 3 hrs under nitrogen.  The mixture was 
filtered on a column of silica (10 g).  Solvent was removed and the crude was purified via 
flash column (1 % ethyl acetate/hexane) to yield pure 40 as a clear yellow oil. (5.95 
g.Yield 49 %).  TLC (Silica, 5 % hexane/ethyl acetate Rf, 0.84) 
1H NMR (250 MHz, CDCl3); δ 1.50 (br, s, 4H), 2.15 (br, S, 4H), 4.02 (s, 2H),  
5.84 (s, 3H); 13C NMR (62.5 MHz/CDCl3): 24.22, 28.31, 29.09, 31.99, 39.20, 125.34, 
132.45, 134.61, 134.86.   
• 3-Cycloocta-1,7-dienyl-2,2-dimethylpropan-1-ol (41) 
Compound 40 (1.34 g, 6.04 mmol) was dissolved in dry CH2Cl2, and DIBAH (12.1 mL, 
12 mmol) was added at -78 oC under an inert atmosphere.  After two hours of stirring the 
flask was slowly quenched with about 5 mL of water. The pasty white mass was filtered 
on a celite cake and thoroughly washed with ether. The solvent was removed and the 
colorless crude oil was chromatographed on silica with 10 % ethyl acetate/hexane 
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mixture to give pure 41. Yield 1.05 g (Overall. 90 %).  TLC (Silica, 10 % hexane/ethyl 
acetate, Rf, 0.18). 
 1H NMR (250 MHz, CDCl3); δ 0.89 (s, 6H), 1.46 (s, br, 5H), 2.08 (s, 2H), 2.14 (s, br, 
4H) 3.31 (s, 2H), 5.48-4.45 (m, 1H), 5.76-5.60 (m, 2H).  13C NMR (62.5 MHz/CDCl3): 
22.78, 24.61, 25.10, 28.28, 29.61, 36.94, 46.75, 72.09, 130.31, 130.88, 131.05, 135.92;  
IR (neat, cm-1): 3369, 2924, 2855, 1446, 1041, 740.  
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CHAPTER 3   
FORMATION OF THE TRICYCLIC RING SYSTEM OF ASTERISCANOLIDE 
 
3.1 Preparation of the Catalyst and the Metallacycle  
A chemical reaction protocol aimed at obtaining relative stereo-control was very 
desirable in constructing the tricyclic ring system of asteriscanolide via the 
intramolecular Hetero-Pauson-Khand reaction.  The titanium-promoted cyclization of 
aldehyde 5 led to the formation of the trans-fused tricyclic metallacycle and, 
consequently, the lactone.  The cyclometallation is very selective and leads to 
predominantly one stereoisomer.  In order to make the tricyclic metallacycle, 42, it was 
necessary to first prepare the monomeric titanocene “Cp2Ti” according to scheme 3.1 
below. 
P(OPh)3 + Mg + CH3I Bu2O PMe3
1eq 3.9eq 3.9eq
4.43eq Mg
THF
1 eq Cp2TiCl2
Cp2Ti(PMe3)2
2
50
49484746
 
Scheme 3.1. Preparation of Catalyst. 1-4 
The catalyst was prepared from mixing 1 equivalent of P(OPh)3 and 4 equivalents each of 
magnesium and methyl iodide followed by  a slow reflux of the mixture.  The PMe3 was 
treated with another 4.4 equivalents of magnesium and 1equivalent of 
biscyclopentadienyltitaniumdichloride to obtain the catalyst 2 in moderate yield (52%). 
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The tricyclic titanium complex, 42, was prepared by treating the monomeric titanocene, 
“Cp2Ti,” with an equimolar amount of aldehyde 5 in dry toluene in the inert atmosphere 
of the dry box.  A wine-red solution quickly formed and was allowed to stir for about 4 
hours to give a high yield.  The tricyclic titanocene complex was identified by 1HNMR 
based upon the appearance of two sharp “Cp” peaks at 5.95 and 5.93 with each 
corresponding to 5 protons (figure 3.1).  Two isomers were detected (NMR) after 
isolation in a ratio of 97%:3%. 
O
Ti
Cp Cp
O 1eq Cp2Ti(PMe3)2 O500psi CO
4 hrs, rt, Pentane 12hrs, rt, Toulene
O
HH
HH
H H
5 42 43
51
 
Scheme 3.2. Formation of Butyrolactone via HPK Reaction. 
The tricyclic metallacycle was subsequently converted (scheme 3.2) into the tricyclic 
butyrolactone, 43.  During this transformation, one new carbon-carbon bond and two new 
carbon-oxygen bonds were formed intramolecularly.  The transformation was effected at 
500 psi via insertion of CO into the weaker carbon-titanium bond of the metallacycle. 
The carbonylation was followed by the reductive elimination (in air and refluxing 
benzene) of the six-membered carbonylated complex to form the butyrolactone according 
to scheme 3.3 below. 
O
Ti
Cp Cp
O
O
O
HH
H
H
H H
5 42 43
HH
42b
O
Ti
Cp2O
 
Scheme 3.3. Summary of Mechanistic Pathway. 
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Figure 3.1. 1H-NMR of 42. 
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Figure 3.2. 13C- NMR of 42. 
 
Both the 1H- NMR of figures 3.1 and 3.2 offer conclusive evidence of the formation of 
the metallacycle.  The HNMR signals of figure 3.1 show all the three protons at the ring 
junction; 3.45-3.60(m, 1H), 4.09-4.20(t, 1H) and 4.50-4.53(d, 1H).  Also the 13C-NMR 
offers conclusive evidence from possessing signals at 152.5 (olefin, C-2), 114.4 and 
112.0 (Cp; 14 & 15), 114 (olefin, C-1), 92.8 (C-9), 75.9 (C-8), 73.4 (C-7) and 46.2 (11). 
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The 2D-COSY (figure 3.3) and table 3.1, which provides possible cross peaks, also 
provides confirmation for metallacycle 42.  
Figure 3.3. 2D-COSY of Metallacycle 42. 
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Table 3.1. 2D COSY Assignments for titanacene complex (42). 
Peak δ  
(ppm) 
 
No. of 
Hydrogens 
Mult. (J) Hz Proton 
assignment 
COSY 
cross peaks 
(a) 5.04 1 m H2 e, f, g 
(b) 4.50 1 d (7.6) H9 c, h (weak) 
(c) 4.10 1 ~t (~9) H8 b, d 
(d) 3.47 1 ~t (~10) H7 c, k, m 
(e) 2.59 1 d (~13.5) H11α a, h 
(f) ~2.35 1 m H3 a, g, j 
(g) ~2.0 1 m H3 a, f, j 
(h) 1.78 1 d (~13.5) H11β e, b 
(i)  1 m H5 j, k, m 
(j) ~1.6 1 m H4 f, g, i, k 
(k) ~1.2 2 m H4, H6 d, i, j, m, n 
(l) 1.08 3 s H12 or H13 none 
(m) ~1.0 1 ~t H6 d, i, k 
(n) ~0.88 1 ~t (~7) H5 k 
(o) 0.81 3 s H13 or H12 none 
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Figure 3.4. ORTEP Drawing of Metallacycle 42. 
 
The starting metallacycle was converted to the lactone by pressurizing (450 psi) a toluene 
solution of the metallacycle for 12 hours at room temperature.  After work up, a colorless  
oil was obtained (12% yield).  
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O
O
O
Cp2
Ti
450psi, 12%
12hr, rt, toluene  
Scheme 3.4. Cyclocarbonylation reaction. 
Proton NMR analysis revealed the following diagnostic peaks: a broad singlet in the  
olefinic region at 5.76 (H2); a doublet at 4.32 (H9); a triplet at 2.77 (H8), and a broad  
singlet at 3.75 (H7).  
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Figure 3.5. Proton NMR of lactone (43). 
However, the carbonylation step also produced a very clean by-product (major product),  
43b, as a result of the fragmentation of the titanocene complex according to scheme 3.5.  
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This compound was confirmed by the appearance of three olefinic protons (m, 5.67-5.84) 
and a broad singlet at ~3.00, corresponding to the alcoholic proton. 
O
Ti
42
OH
43b
H
Cp2
H
H
O
TiCp2
H
H
H
H
H2O
H
 
Scheme 3.5. Competitive Fragmentation from HPK Reaction. 
 
3.2. Stereochemical Outcome 
The stereochemical outcome of the major lactone isomer formed is directly dependent 
upon the stereochemistry of the major isomer of the titanocene complex, because, “the 
formation of the metallacyclopentene is the stereochemistry determining step…”5 
A model study of the metallacycle 42 revealed the structure below and showed a trans-
ring fusion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. Molecular Model Demonstrating Stereochemical Feature of Titanacene 
Complex 42. 
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Figure 3.7. Stereochemical Features of the HPK Reaction. 
 
The final stereochemistry of the lactone was directly inherited from the geometry of the 
titanacycle.  The preference of the conformers was based upon a rational arising from the 
avoidance of costly steric interactions (1,3-diaxial and A1,3 interactions) as the reaction 
proceeded to form the titanacycle, which formed the lactone (42).  
 
Table 3.2. 2D COSY Assignments of diagnostic protons for lactone (43). 
 
Peak δ  
(ppm) 
 
No. of 
Hydrogens 
Mult. (J) Hz Proton 
assignment 
COSY 
cross peaks 
(a) 5.80 1 m, br H2 f, g, h 
(b) 4.45 1 d H9 c 
(c) 3.89 1 m, br H7 b, d 
(d) 2.85 1 m H8 
 
C 
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Figure 3.8. 2D-COSY of lactone (43). 
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3.3 Conclusion 
 
The above sequence of reactions provide a methodology based upon the titanium-
mediated intramolecular [2+2+1] atom economic hetero-Pauson-Khand reaction.  The 
sequence of reactions in this methodology provide a synthetic route towards the 
sesquiterpene lactone asteriscanolide (1) via its tricyclic [8.5.5] carboskeleton.  The 
concise synthetic journey begins with a cyclooctane ring which is functionalized and 
converted into the metallacycle and then carbonylated into the butyrolactone via a highly 
stereoselective route. 
Though the overall yield is low, yet there was a stereochemical preponderance (97:3%) of 
one isomer (trans) during the titanocene-mediated intramolecular HPK reaction involving 
5.  Also, it was observed that there was a major competitive decomposition pathway for 
the titanacycle complex that produced a side product which was easily identified.  
Nonetheless, the titanium-mediated HPK reaction provides a clear path towards the 
stereoselective synthesis of the tricyclic skeletal system of asteriscanolide.  
3.4     Future Work 
In order to convert C-2 of 44 into a ketone and methylate C-3, the lactone, 44, must first 
be reduced with DIBAL to the alcohol, 52, inorder to mask it as a ketal, 53. At this point, 
53 can be hydroborated and oxidized to the ketone, 54, followed by methylation of C-3.  
But, there is a peril lurking in the realm; a disintegration of the cyclooctanoid ring which 
is fused to the lactone could undergo a fragmentation via the retro-Michael reaction. 
However, this could be circumvented by the suggestions in scheme 3.6. 
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Scheme 3.6. Completion of the Synthesis of Asteriscanolide. 
This path is suggested to prevent a retro-Michael ring fragmentation6 during a base or 
acid assisted methylation according to scheme 3.6. 
O
R
R
H
O
HH
H
O
B
R= Me
acid or base
O
H
R
R
O
CH3I or H+
O
H
R
R
O1R
1R= Me/H
R= Me
O O
 
Scheme 3.7. Ring Fragmentation via retro-Michael Ring Fragmentation.6 
However, masking the lactone unit, as as a ketal, would permit the methylation to take 
place, thus converting 54 into either 55 or 56 per scheme 3.3.  Then 56 would be  
converted back into 57 via acid hydrolysis.  Finally, the alcohol is then oxidized (PCC) to 
obtain asteriscanolide 1. 
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3.5 Experimental 
• Titanocene complex (42)1 
Inside a glove box, the aldehyde (5) (2.27 g, 0.012 mol) was dissolved in dry pentane 
(100 mL) present in a RBF (250 mL).  Then Cp2Ti(PMe3)2 (2.47 g, 7.4 mmol) was added 
to the mixture and stirred for 5 hrs.  The rosy-red solution was filtered through a pad of 
celite which was washed with more pentane (20 mL) to remove all the product. The 
solvent was completely removed (under vacuum) to form reddish/black crystals.  The 
crude crystals were washed with a minimum amount of cold pentane and cooled to -33 oC 
overnight.   After three days, the product was collected by decantation and washed with 
cold pentane to give the titanium complex (42).  Yield 2.6 g. (Overall. 94%). 1H NMR 
(250 MHz, CDCl3); δ 0.82-2.6 (m, 16H), 3.20-3.25 (m, 1H), 3.45-3.60 (m, 1H), 4.09-4.20 
(t, 1H), 4.50-4.53 (d, 1H), 5.10 (m, 1H), 5.82 (s, 5H), 5.85 (s, 5H). 
13C NMR (125 MHz/CDCl3): 23.54 (CH3), 25.98 (CH2), 28.06 (CH3), 29.85, (CH2), 
31.52 (CH2), 35.87 (CH2), 42.12 (C10), 46.18 (CH2), 73.4 (C8), 75.9 (C7), 92.7 (C9), 
112.0 (Cp), 113.9 (C2) , 114.4 (Cp), 152.5 (C1); DEPT(125 MHz): δ C4, C5, C6: 25.98, 
29.85, 31.52; Odd number of hydrogens; C12, C13: 23.57, 28.06; 35.87(C3), 42.12 (C10, 
quat), 46.18 (C11) 
Methines; 73.4, 75.9, 92.7, 112.0, 113.9, 114.4 C12, C13; 2855, 1446, 1041, 740.  
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Table 3.3.Crystallographic Parameters for Metallacycle 42. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a R1 = ∑∑ − oco FFF /  
[ ] [ ][ ]212202202 )(/)( ∑∑ −= FwFFwwR cb  
 
Crystal Data  
Empirical Formula C23H30OTi 
Temperature 102(2) K 
Diffractometer Kappa CCD 
Radiation Mo Kα 
Wavelength 0.71073 Å 
Crystal System Monoclinic 
Space Group P21/c 
 
 
Unit cell dimensions          a = 14.976 (6) Å 
b = 16.493 (5) Å    β = 97.549(13) ْ
c = 7.753 (2) Å 
 
Volume 1898.4 (11) Å3 
 
Z 4 
 
Crystal Dimensions (mm3) 0.15 × 0.12 × 0.07  
 
Theta range (º) 2.5– 28.7 
 
Data Collection  
Measured Reflections 19398  
 
Independent Reflections 4894 
 
Refinement Method Direct 
Rint 0.065 
 
h -20  →   20 
k -22 →   19 
l -10 →   10 
aR[F2>2σ(F2)] 0.053 
 
bwR(F2) 0.103 
 
∆ρmax (e Å-3) 0.36 e 
 
∆ρmin (e Å-3) −0.45 
 
Extinction coefficient 0.0018 (5) 
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Table 3.4. Selected bond distances (Å) for 42. 
 
 
 
 
 
 
 
 
 
 
 
 
a)  Cp(1) and Cp(2) 
are the centroids of the cyclopentadienyl rings of C(14)-C(18) and C(19)-C(23),   
       respectively. 
 
 
Table 3.5. Atomic coordinates and equivalent isotropic displacement parameters 
(Å2). 
 
 x y z aU(eq) 
Ti 0.26741(3) 0.44310(3) 0.62263(5) 0.01293(12) 
O 0.35753(10) 0.50930(9) 0.73394(18) 0.0157(4) 
C1 0.34776(14) 0.54755(14) 0.8939(3) 0.0132(5) 
C2 0.39964(15) 0.62974(14) 0.9164(3) 0.0152(5) 
C3 0.32563(15) 0.69328(14) 0.8644(3) 0.0186(5) 
C4 0.24265(15) 0.65858(14) 0.9279(3) 0.0153(5) 
C5 0.17834(15) 0.69810(15) 0.9929(3) 0.0198(5) 
C6 0.09631(16) 0.65752(15) 1.0460(3) 0.0217(6) 
    (Continued)
Ti-O 
 
1.8580 (15) 
 
C(1)-C(2) 1.561(3) 
Ti-C(10) 2.222(2) C(3)-C(4) 1.509(3) 
Ti-Cp(1)a 2.438(3) C(5)-C(6) 1.503(3) 
Ti-Cp(2)a 2.415(2) O-C(1) 1.416(2) 
Ti-C(18) 2.366(2) C(4)-C(5) 1.317(3) 
Ti-C(17) 
 
2.389(2) C(6)-C(7) 1.539(3) 
Ti-C(22) 2.397(2) C(8)-C(9) 1.550(3) 
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C7 0.01616(16) 0.6542(16) 0.9000(3) 0.0222(6) 
C8 0.03861(16) 0.65428(16) 0.9000(3) 0.0202(5) 
C9 0.08705(15) 0.62133(15) 0.7256(3) 0.0168(5) 
C10 0.18937(15) 0.53818(14) 0.7301(3) 0.0139(5) 
C11 0.24600(14) 0.54238(13) 0.7261(3) 0.0137(5) 
C12 0.43722(16) 0.56743(13) 1.1082(3) 0.0198(5) 
C13 0.47580(15) 0.63998(15) 0.8055(3) 0.0202(5) 
C14 0.22278(17) 0.30114(15) 0.6317(3) 0.0226(6) 
C15 0.16265(17) 0.34463(14) 0.7176(3) 0.0205(5) 
C16 0.21168(16) 0.37978(14) 0.8683(3) 0.0175(5) 
C17 0.30141(17) 0.35783(14) 0.8718(3) 0.0214(6) 
C18 0.30976(17) 0.31137(15) 0.7228(3) 0.0253(6) 
C19 0.27165(17) 0.53488(16) 0.3789(3) 0.0224(6) 
C20 0.18983(17) 0.49187(16) 0.3515(3) 0.0230(6) 
C21 0.21014(17) 0.41032(16) 0.32570(3) 0.0220(6) 
C22 0.30371(16) 0.40225(16) 0.34340(3) 0.0214(6) 
C23 0.34163(17) 0.47967(15) 0.37450(3) 0.0207(6) 
 
 
a:Ueq = (1/3)_i_jUijaiajai.aj . 
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Table 3.6. Bond angles [o] for 42. 
Ti—O .  8580 (15) 
Ti—C10   2.222 (2) 
Ti—C18   2.366 (2) 
Ti—C17   2.389 (2) 
Ti—C22   .397 (2) 
Ti—C20   2.403 (2) 
Ti—C21   2.410 (2) 
Ti—C16   2.415 (2) 
Ti—C23   2.421 (2) 
Ti—C19   2.428 (2) 
Ti—C15   2.438 (2) 
Ti—C14   2.438 (3) 
O—C1    1.416 (2) 
C1—C2   1.561 (3) 
C1—C11   1.566 (3) 
C1—H1   1.0000 
C2—C13   1.517 (3) 
C2—C12  1.529 (3) 
C2—C3   1.540 (3) 
C3—C4   1.509 (3) 
C3—H3A   0.9900 
C3—H3B   0.9900 
C4—C5   1.317 (3) 
C4—C11   1.521 (3) 
C5—C6   1.503 (3) 
C5—H5   0.9500 
C6—C7   1.539 (3) 
C6—H6A   0.9900 
C7—H7B   0.9900 
C8—H8A   0.9900 
C8—H8B   0.9900 
C9—C10   1.538 (3) 
C9—H9A   0.9900 
C9—H9B   0.9900 
C10—C11   1.552 (3) 
C10—H10   1.0000 
C11—H11   1.0000 
C12—H12A   0.9800 
C12—H12B   0.9800 
C12—H12C   0.9800 
C13—H13A  0.9800 
C13—H13B   0.9800 
C13—H13C   0.9800 
C14—C15   1.388 (4) 
C14—C18   1.408 (3) 
C14—H14   0.9500 
C15—C16   1.420 (3) 
C15—H15   0.9500 
C16—C17   1.389 (3) 
C16—H16   0.9500 
C17—C18   1.405 (3) 
C17—H17   0.9500 
C18—H18   0.9500 
C19—C23   1.392 (4) 
C19—C20   1.408 (4) 
 (Continued)
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C8—C9   1.550 (3) 
C6—H6B   0.9900 
C7—C8   1.535 (3) 
C7—H7  A 0.9900 
C21—C22   1.396 (3) 
C21—H21   0.9500 
C22—C23   1.405 (3) 
C22—H22   0.9500 
C23—H23   0.9500 
O—Ti—C10             77.51 (8) 
O—Ti—C18    103.89 (8) 
C10—Ti—C18  133.58 (9) 
O—Ti—C17              84.59 (8) 
C10—Ti—C17  102.03 (9) 
C18—Ti—C17  34.37 (8) 
O—Ti—C22    110.34 (8) 
C10—Ti—C22  136.52 (8) 
C18—Ti—C22  87.46 (9) 
C17—Ti—C22  121.01 (9) 
O—Ti—C20              116.61 (8) 
C10—Ti—C20  81.50 (8) 
C18—Ti—C20  132.27 (9) 
C17—Ti—C20  158.65 (9) 
C22—Ti—C20  56.28 (9) 
O—Ti—C21    136.14 (8) 
C10—Ti—C21  111.84 (8) 
C18—Ti—C21  98.86 (9) 
C17—Ti—C21  130.65 (9) 
C22—Ti—C21  33.77 (8) 
C20—Ti—C21 33.80 (9) 
 
C19—H19   0.9500 
C20—C21   1.399 (4) 
C20—H20   0.9500 
C20—Ti—C16  131.09 (8) 
C21—Ti—C16  122.68 (8) 
O—Ti—C23    80.87 (8) 
C10—Ti—C23  114.92 (9) 
C18—Ti—C23 111.00 (9) 
C17—Ti—C23  135.85 (9) 
C22—Ti—C23  33.92 (8) 
C20—Ti—C23  56.03 (9) 
C21—Ti—C23  55.94 (8) 
C16—Ti—C23  167.59 (8) 
O—Ti—C19    84.46 (8) 
C10—Ti—C19  83.70 (8) 
C18—Ti—C19  142.62 (9) 
C17—Ti—C19  166.23 (9) 
C22—Ti—C19  55.96 (9) 
C20—Ti—C19 33.87 (8) 
C21—Ti—C19  55.88 (9) 
C16—Ti—C19  158.48 (9) 
C23—Ti—C19  33.37 (8) 
O—Ti—C15    135.08 (7) 
C10—Ti—C15  89.55 (9) 
C18—Ti—C15  56.25 (9) 
C17—Ti—C15  56.01 (8) 
C22—Ti—C15  108.48 (9) 
C20—Ti1—C15  103.35 (8) 
C21—Ti—C15  88.67 (8) 
C16—Ti—C15  34.01 (7) 
 (Continued)
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O—Ti—C16    101.12 (7) 
C10—Ti—C16 77.37 (8) 
C18—Ti—C16 56.59 (9) 
C17—Ti—C16  33.59 (8) 
C22—Ti—C16  137.20 (9) 
C18—Ti—C14  34.04 (8) 
C17—Ti—C14  56.06 (8) 
C22—Ti—C14  81.47 (9) 
C20—Ti—C14  104.11 (9) 
C21—Ti—C14  75.38 (8) 
C16—Ti—C14  55.79 (8) 
C23—Ti—C14  114.73 (8) 
C19—Ti—C14  131.01 (8) 
C15—Ti—C14  33.08 (8) 
C1—O—Ti      121.08 (13) 
O—C1—C2   112.17 (18) 
O—C1—C11   109.43 (16) 
C2—C1—C11  106.68 (18) 
O—C1—H1   109.5 
C2—C1—H1   109.5 
C11—C1—H1  109.5 
C13—C2—C12 109.75 (18) 
C13—C2—C3  112.92 (19) 
C12—C2—C3  109.86 (19) 
C13—C2—C1 112.15 (19) 
C12—C2—C1  108.58 (18) 
C3—C2—C1   103.37 (18) 
C4—C3—C2  104.59 (19) 
C4—C3—H3A  110.8 
C2—C3—H3A  110.8 
 
C23—Ti—C15 141.89 (8) 
C19—Ti—C15  137.22 (8) 
O—Ti—C14    137.39 (8) 
C10—Ti—C14  122.55 (9) 
C4—C5—C6   123.3 (2) 
C4—C5—H5   118.3 
C6—C5—H5   118.3 
C5—C6—C7   113.6 (2) 
C5—C6—H6A  108.8 
C7—C6—H6A  108.8 
C5—C6—H6B  108.8 
C7—C6—H6B  108.8 
H6A—C6—H6B  107.7 
C8—C7—C6   114.9 (2) 
C8—C7—H7A  108.6 
C6—C7—H7A  108.6 
C8—C7—H7B  108.6 
C6—C7—H7B  108.6 
H7A—C7—H7B  07.5 
C7—C8—C9   116.70 (19) 
C7—C8—H8A  108.1 
C9—C8—H8A  108.1 
C7—C8—H8B  108.1 
C9—C8—H8B  08.1 
H8A—C8—H8B  07.3 
C10—C9—C8  115.11 (19) 
C10—C9—H9A  108.5 
C8—C9—H9A  108.5 
C10—C9—H9B  108.5 
C8—C9—H9B  108.5 
 (Continued)
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C4—C3—H3B 110.8 
C2—C3—H3B  110.8 
H3A—C3—H3B 108.9 
C5—C4—C3   127.8 (2) 
C5—C4—C11  125.7 (2) 
C3—C4—C11  106.53 (19) 
C11—C10—H10       103.8 
Ti—C10—H10       103.8 
C4—C11—C10       111.25 (17) 
C4—C11—C1        105.18 (17) 
C10—C11—C1       109.95 (17) 
C4—C11—H11       110.1 
C10—C11—H11      110.1 
C1—C11—H11       110.1 
C2—C12—H12A       109.5 
C2—C12—H12B       109.5 
H12A—C12—H12B       109.5 
C2—C12—H12C       109.5 
H12A—C12—H12C       109.5 
H12B—C12—H12C       109.5 
C2—C13—H13A       109.5 
C2—C13—H13B       109.5 
H13A—C13—H13B       109.5 
C2—C13—H13C      109.5 
H13A—C13—H13C       109.5 
H13B—C13—H13C       109.5 
C15—C14—C18       108.2 (2) 
C15—C14—Ti       73.46 (14) 
C18—C14—Ti       70.15 (13) 
C15—C14—H14       125.9 
H9A—C9—H9B  107.5 
C9—C10—C11 115.25 (18) 
C9—C10—Ti    123.14 (15) 
C11—C10—Ti  104.86 (14) 
C9—C10—H10  103.8 
Ti—C15—H15  120.2 
C17—C16—C15  107.7 (2) 
C17—C16—Ti  72.19 (13) 
C15—C16—Ti  73.89 (13) 
C17—C16—H16  126.2 
C15—C16—H16  126.2 
Ti1—C16—H16  119.6 
C16—C17—C18  108.5 (2) 
C16—C17—Ti  74.22 (13) 
C18—C17—Ti  71.89 (13) 
C16—C17—H17  125.8 
C18—C17—H17  125.8 
Ti1—C17—H17  119.9 
C17—C18—C14 107.5 (2) 
C17—C18—Ti  3.74 (14) 
C14—C18—Ti  5.81 (14) 
C17—C18—H18  126.2 
C14—C18—H18  126.2 
Ti1—C18—H18  116.4 
C23—C19—C20       108.1 (2)   
C23—C19—Ti1       3.02 (14) 
C20—C19—Ti1       72.07 (13) 
C23—C19—H19       126.0 
C20—C19—H19       126.0 
Ti—C19—H19       120.7 
C21—C20—C19             107.7 (2) 
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C18—C14—H14       125.9 
Ti—C14—H14       122.2 
C14—C15—C16       107.9 (2) 
C14—C15—Ti1       73.47 (14) 
C16—C15—Ti1       72.10 (13) 
C14—C15—H15    126.0 
C16—C15—H15    126.0 
Ti—C20—H20  118.4 
C22—C21—C20  108.2 (2) 
C22—C21—Ti  72.59 (12) 
C20—C21—Ti  72.80 (13) 
C22—C21—H21 125.9 
C20—C21—H21  125.9 
Ti—C21—H21  120.5 
C21—C22—C23  107.9 (2) 
C21—C22—Ti  3.64 (13) 
C23—C22—Ti  73.97 (13) 
C21—C22—H22 126.0 
C23—C22—H22        126.0 
Ti—C22—H22  18.3 
C19—C23—C22 108.1 (2) 
C19—C23—Ti  73.61 (14) 
C22—C23—Ti  72.11 (13) 
C19—C23—H23  126.0 
C22—C23—H23  126.0 
Ti—C23—H23  120.1 
C10—Ti—O—C1            38.70 (15) 
C18—Ti—O—C1           -93.57 (16) 
C17—Ti—O—C1            -64.91 (16) 
C22—Ti—O—C1            173.98 (15) 
 
C21—C20—Ti       73.40 (13) 
C19—C20—Ti       74.06 (13) 
C21—C20—H20        126.1 
C19—C20—H20        126.1 
Ti—O—C1—C11       -32.0 (2) 
O—C1—C2—C13       -23.0 (2) 
C11—C1—C2—C13       -142.78 (17) 
O—C1—C2—C12        144.41 (18) 
C11—C1—C2—C12         95.8 (2) 
O—C1—C2—C3         99.0 (2) 
C11—C1—C2—C3        -20.8 (2) 
C13—C2—C3—C4         156.48 (18) 
C12—C2—C3—C4         -80.7 (2) 
C1—C2—C3—C4           35.1 (2) 
C2—C3—C4—C5           144.1 (2) 
C2—C3—C4—C11          -36.8 (2) 
C3—C4—C5—C6           177.5 (2) 
C11—C4—C5—C6          -1.4 (4) 
C4—C5—C6—C7          -91.5 (3) 
C5—C6—C7—C8           50.1 (3) 
C6—C7—C8—C9           52.6 (3) 
C7—C8—C9—C10          -100.3 (2) 
C8—C9—C10—C11            76.1 (2) 
C8—C9—C10—Ti           -153.57 (15) 
O—Ti—C10—C9   -168.13 (18) 
C18—Ti—C10—C9   -70.7 (2) 
C17—Ti—C10—C9   -86.52 (17) 
C22—Ti—C10—C9   85.4 (2) 
C20—Ti—C10—C9   72.08 (17) 
C21—Ti—C10—C9   56.89 (19) 
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C20—Ti—O1—C1              12.43 (16) 
C21—Ti—O1—C1           147.33 (15) 
C16—Ti—O1—C1             -35.53 (16) 
C23—Ti—O1—C1            156.91 (16) 
C19—Ti—O1—C1            123.45 (16) 
C15—Ti—O1—C1                -37.8 (2) 
C14—Ti—O1—C1             -86.28 (18) 
Ti1—O1—C1—C2           -150.14 (14) 
O—Ti—C10—C11  -33.68 (14) 
C18—Ti—C10—C11               63.72 (18) 
C17—Ti—C10—C11               47.93 (15) 
C22—Ti1—C10—C11         -140.16 (14) 
C20—T—C10—C11            -153.47 (15) 
C21—Ti—C10—C11   -168.65 (13) 
C16—Ti—C10—C11     70.93 (14) 
C23—Ti—C10—C11            -107.29 (14) 
C19—Ti—C10—C11  -119.37 (15) 
C15—Ti—C10—C11   102.96 (15) 
C14—Ti—C10—C11              105.17 (15) 
C5—C4—C11—C10         83.1 (3) 
C3—C4—C11—C10       -96.0 (2) 
C5—C4—C11—C1      -157.9 (2) 
C3—C4—C11—C1          23.0 (2) 
C9—C10—C11—C4        -78.7 (2) 
Ti—C10—C11—C4       142.62 (15) 
C9—C10—C11—C1     165.16 (18) 
Ti—C10—C11—C1            26.5 (2) 
O—C1—C11—C4   -122.37 (18) 
C2—C1—C11—C4   -0.8 (2) 
O—C1—C11—C10   -2.5 (2) 
 
C16—Ti—C10—C9   -63.53 (17) 
C23—Ti—C10—C9   118.26 (17) 
C19—Ti—C10—C9   106.17 (18) 
C15—Ti—C10—C9   -31.50 (17) 
C14—Ti—C10—C9  -29.3 (2) 
C23—Ti—C14—C15             -151.65 (13) 
C19—Ti—C14—C15   -116.54 (15) 
O—Ti—C14—C18   -12.7 (2) 
C10—Ti—C14—C18             -121.07 (16) 
C17—Ti—C14—C18   -38.63 (15) 
C22—Ti—C14—C18               98.15 (16) 
C20—Ti—C14—C18              150.10 (15) 
C21—Ti—C14—C18              132.10 (17) 
C16—Ti—C14—C18               -79.46 (16) 
C23—Ti—C14—C18    91.33 (16) 
C19—Ti—C14—C18             126.44 (16) 
C15—Ti—C14—C18   -117.0 (2) 
C18—C14—C15—C16  -2.4 (3) 
Ti—C14—C15—C16   -64.34 (16) 
C18—C14—C15—Ti   61.91 (17) 
O—Ti—C15—C14   -111.72 (15) 
C10—Ti—C15—C14               176.59 (14) 
C18—Ti—C15—C14   -36.86 (14) 
C17—Ti—C15—C14   -78.54 (15) 
C22—Ti—C15—C14   36.91 (15) 
C20—Ti—C15—C14   95.43 (15) 
C21—Ti—C15—C14   64.73 (15) 
C16—Ti—C15—C14   -115.7 (2) 
C23—Ti—C15—C14               44.3 (2) 
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C2—C1—C11—C10   119.06 (18) 
O—Ti—C14—C15      104.31 (16) 
C10—Ti—C14—C1     -4.05 (17) 
C18—Ti—C14—C15  117.0 (2) 
C17—Ti—C14—C15  78.39 (15) 
C22—Ti—C14—C15   -144.83 (15) 
C20—Ti—C14—C15  -92.89 (14) 
C21—Ti—C14—C15   -110.89 (15) 
C16—Ti—C14—C1 5  37.55 (13) 
C20—Ti—C15—C16   -148.88 (14) 
C21—Ti—C15—C16   -179.58 (15) 
C23—Ti—C15—C16   160.02 (15) 
C19—Ti—C15—C16   -147.92 (14) 
C14—Ti—C15—C16   115.7 (2) 
C14—C15—C16—C17  0.5 (3) 
Ti1—C15—C16—C17 -64.76 (16) 
C14—C15—C16—Ti  65.23 (17) 
O1—Ti—C16—C17  -61.99 (15) 
C10—Ti—C16—C17   -136.33 (15) 
C18—Ti—C16—C17   37.42 (14) 
C22—Ti—C16—C17   75.20 (17) 
C20—Ti—C16—C17   157.02 (14) 
C21—Ti—C16—C17   115.66 (15) 
C23—Ti—C16—C17   36.1 (4) 
C19—Ti—C16—C17   -165.3 (2) 
C15—Ti—C16—C17   115.2 (2) 
C14—Ti—C16—C17  78.67 (15) 
O1—Ti—C16—C15   -177.15 (14) 
C10—Ti—C16—C15   108.51 (15) 
C18—Ti—C16—C15   -77.74 (15) 
 
C19—Ti—C15—C14              96.39 (17) 
O—Ti—C15—C16  3.97 (19) 
C10—Ti—C15—C16   -67.72 (14) 
C18—Ti—C15—C16   78.84 (15) 
C17—Ti—C15—C16   37.15 (14) 
C22—Ti—C15—C16   152.60 (14) 
C15—C16—C17—Ti   65.89 (16) 
O1—Ti—C17—C16   119.53 (14) 
C10—Ti—C17—C16   43.55 (15) 
C18—Ti—C17—C16   -116.0 (2) 
C22—Ti—C17—C16   -129.96 (14) 
C20—Ti—C17—C16   -53.9 (3) 
C21—Ti—C17—C16   -89.63 (17) 
C23—Ti—C17—C16   -169.53 (13) 
C19—Ti—C17—C16   157.0 (3) 
C15—Ti—C17—C16   -37.63 (13 
C14—Ti—C17—C16              -77.77 (15) 
O1—Ti—C17—C18   -124.45 (16) 
C10—Ti—C17—C18   159.57 (15) 
C22—Ti—C17—C18   -13.94 (18) 
C20—Ti—C17—C18   62.1 (3) 
C21—Ti—C17—C18   26.4 (2) 
C16—Ti—C17—C18   116.0 (2) 
C23—Ti—C17—C18   -53.50 (19) 
C19—Ti—C17—C18   -87.0 (4) 
C15—Ti—C17—C18   78.40 (16) 
C14—Ti—C17—C18   38.25 (15) 
C16—C17—C18—C14  -3.2 (3) 
Ti—C17—C18—C14   -68.89 (16) 
C16—C17—C18—Ti1  65.74 (16) 
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C17—Ti—C16—C15   -115.2 (2) 
C22—Ti —C16—C15  -39.96 (19) 
C20—Ti—C16—C15   41.86 (18) 
C21—Ti—C16—C15   0.50 (18) 
C23—Ti—C16—C15   -79.1 (4) 
C19—Ti—C16—C15   79.5 (3) 
C14—Ti—C16—C15   -36.49 (14) 
C15—C16—C17—C18  1.7 (3) 
Ti—C16—C17—C18   -64.22 (17) 
C16—Ti—C18—C17    -36.55 (14) 
C23—Ti—C18—C17     143.15 (15) 
C19—Ti—C18—C17     156.95 (15) 
C15—Ti—C18—C17      -77.65 (16) 
C14—Ti—C18—C17      -113.4 (2) 
O—Ti—C18—C14          171.18 (14) 
C10—Ti—C18—C14       85.32 (17) 
C17—Ti—C18—C14      113.4 (2) 
C22—Ti—C18—C14     -78.50 (15) 
C20—Ti—C18—C14      -40.8 (2) 
C21—Ti—C18—C14    -46.61 (16) 
C16—Ti—C18—C14      76.88 (16) 
C23—Ti—C18—C14    -103.42 (15) 
C19—Ti—C18—C14     -89.62 (19) 
C15—Ti—C18—C14       35.78 (14) 
O—Ti—C19—C23       81.80 (15) 
C10—Ti—C19—C23      159.80 (15) 
C18—Ti—C19—C23     -23.9 (2) 
C17—Ti—C19—C23     44.3 (4) 
C22—Ti—C19—C23      -37.34 (14) 
C20—Ti—C19—C23      -116.1 (2) 
 
C15—C14—C18—C17  3.4 (3) 
Ti—C14—C18—C17   67.49 (16) 
C15—C14—C18—Ti   -64.05 (17) 
O—Ti—C18—C17   57.75 (16) 
C10—Ti—C18—C17   -28.1 (2) 
C20—Ti—C18—C17   -154.23 (14) 
C21—Ti—C18—C17   -160.04 (15) 
C16—Ti—C19—C20  -55.7 (3) 
C23—Ti—C19—C20   116.1 (2) 
C15—Ti—C19—C20   -1.7 (2) 
C14—Ti—C19—C20   44.28 (19) 
C23—C19—C20—C21  -1.6 (3) 
Ti—C19—C20—C21   -66.21 (16) 
C23—C19—C20—Ti  64.64 (16) 
O—Ti—C20—C21   134.54 (14) 
C10—Ti—C20—C21   -154.08 (16) 
C18—Ti—C20—C21   -10.4 (2) 
C17—Ti—C20—C21   -52.7 (3) 
C22—Ti—C20—C21  36.90 (14) 
C16—Ti—C20—C21  -89.14 (16) 
C23—Ti—C20—C21  78.01 (15) 
C19—Ti—C20—C21  114.6 (2) 
C15—Ti—C20—C21  -66.59 (16) 
C14—Ti—C20—C21   -32.52 (16) 
O—Ti—C20—C19  19.96 (17) 
C10—Ti—C20—C19  91.34 (15) 
C18—Ti—C20—C19  -124.94 (16) 
C17—Ti—C20—C19   -167.3 (2) 
C22—Ti—C20—C19   -77.68 (16) 
C21—Ti—C20—C19   -114.6 (2) 
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C21—Ti—C19—C23      -78.39 (16) 
C16—Ti—C19—C23    -171.80 (19) 
C15—Ti—C19—C23    -117.73 (16) 
C14—Ti—C19—C23   -71.78 (18) 
O—Ti—C19—C20    -162.14 (15) 
C10—Ti—C19—C20   -84.14 (15) 
C18—Ti—C19—C20       92.2 (2) 
C17—Ti—C19—C20       160.4 (3) 
C22—Ti—C19—C20   78.72 (16) 
C21—Ti—C19—C20   37.67 (14) 
C10—Ti—C21—C22  143.80 (15) 
C18—Ti—C21—C22  -71.70 (16) 
C17—Ti—C21—C22   -86.41 (18) 
C20—Ti—C21—C22               116.0 (2) 
C16—Ti—C21—C22   -127.51 (15) 
C23—Ti—C21—C22  37.72 (15) 
C19—Ti—C21—C22  78.29 (16) 
C15—Ti—C21—C22   -127.23 (16) 
C14—Ti—C21—C22   -96.56 (16) 
O—Ti—C21—C20   -66.88 (19) 
C10—Ti—C21—C20   27.76 (17) 
C18—Ti—C21—C20   172.26 (15) 
C17—Ti—C21—C20   157.55 (14) 
C22—Ti—C21—C20   -116.0 (2) 
C16—Ti—C21—C20  116.45 (15) 
C23—Ti—C21—C20  -78.32 (16) 
C19—Ti—C21—C20   -37.75 (15) 
C15—Ti—C21—C20   116.73 (15) 
C14—Ti—C21—C20  147.40 (16) 
C20—C21—C22—C23  -2.0 (2) 
 
C16—Ti—C20—C19  156.28 (14) 
C23—Ti—C20—C19   -36.56 (14) 
C15—Ti—C20—C19   178.83 (15) 
C14—Ti—C20—C19   -147.10 (15) 
C19—C20—C21—C22  2.2 (2) 
Ti—C20—C21—C22   -64.46 (15) 
C19—C20—C21—Ti   66.65 (15) 
O—Ti—C21—C22   49.2 (2) 
C14—Ti—C22—C21   76.42 (16) 
O—Ti—C22—C23   -31.28 (16) 
C10—Ti—C22—C23  61.91 (19) 
C18—Ti—C22—C23  -135.16 (15) 
C17—Ti—C22—C23  -127.34 (15) 
C20—Ti—C22—C23  77.80 (16) 
C21—Ti—C22—C23  114.7 (2) 
C16—Ti—C22—C23  -165.95 (14) 
C19—Ti—C22—C23  36.71 (14) 
C15—Ti—C22—C23  171.79 (14) 
C14—Ti—C22—C23  -168.85 (16) 
C20—C19—C23—C22 0.3 (2) 
Ti—C19—C23—C22  64.37 (16) 
C20—C19—C23—Ti   -64.02 (15) 
C21—C22—C23—C19  1.0 (2) 
Ti1—C22—C23—C19 -65.35 (16) 
C21—C22—C23—Ti  66.36 (16) 
O—Ti—C23—C19   -93.80 (15) 
C10—Ti—C23—C19  -22.23 (16) 
C18—Ti—C23—C19   164.74 (14) 
C17—Ti—C23—C19   -166.18 (14) 
C22—Ti—C23—C19   15.7 (2) 
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Ti—C21—C22—C23   -66.58 (15) 
C20—C21—C22—Ti  64.60 (15) 
O—Ti—C22—C21   -146.01 (15) 
C10—Ti—C22—C21   -52.8 (2) 
C18—Ti—C22—C21  110.11 (16) 
C17—Ti—C22—C21  117.94 (16) 
C20—Ti—C22—C21  -36.93 (15) 
C16—Ti—C22—C21   79.32 (19) 
C23—Ti—C22—C21  -114.7 (2) 
C19—Ti—C22—C21   -78.01 (16) 
C15—Ti—C22—C21   57.07 (17) 
 
C20—Ti—C23—C19   37.14 (14) 
C21—Ti—C23—C19   78.20 (16) 
C16—Ti—C23—C19  165.9 (3) 
C15—Ti—C23—C19   103.08 (18) 
C14—Ti—C23—C19   127.90 (15) 
O—Ti—C23—C22  150.45 (15) 
C10—Ti—C23—C22   -137.98 (14) 
C18—Ti—C23—C22   48.99 (16) 
C17—Ti—C23—C22   78.07 (18) 
 
 
Table 3.7. Anisotropic displacement parameters (°A2 x 103). 
 
U11   U22   U33   U12   U13   U23 
Ti  14.9(2)   12.5(2)   11.66(19) -0.39(19)  2.65(14)          -0.56(18) 
O1 15.7(8)   15.5(9)   16.3(8)   0.4(7)   3.4(7)            -0.4.7(7) 
C1  13.7(11)  13.9(12)  11.8(10)  0.7(10)   0.9(8)   -1.4(9) 
C2  14.8(12)  14.0(12)  16.7(11)  0.6(10)   1.8(9)   1.9 (9) 
C3  17.0(12)  15.4(13)  23.3(12)  0.3(10)   2.8(10)   -0.2(10) 
C4  14.6(11)  13.9(12)  16.9(11) 0.1(10)   0.5(9)   -2.5(9) 
C5  18.0(12)  15.5(13)  25.7(12) 0.1(10)   2.5(10)   -3.4(10) 
C6  23.1(13)  21.6(14)  21.1(12)  4.2(11)   6.1(10)   -3.6(10) 
C7  15.3(12)  23.7(14)  28.6(13)  4.3(11)  7.4(10)   1.4(11) 
C8  13.7(12)  23.8(14)  23.2(12)  3.0(10)   2.1(10)   5.2(11) 
C9  14.8(12)  19.4(13)  15.7(11)  -0.5(10)  -0.4(9)   -0.9(10) 
C10  16.8(12)  10.3(12)  14.4(10)  -0.1(9)  1.3(9)   2.9(9) 
C11  16.5(12)  12.2(12)  12.8(10)  -1.2(10)  2.5(9)   0.8(9) 
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C12  19.0(12)  17.1(13)  23.3(12)  -2.9(10) 3.0(10)   -4.7(10) 
C13 15.1(12)  19.5(13)  25.8(13)  -1.3(10)  2.3(10)   0.9(11) 
C14  35.2(15)  12.1(13)  20.9(12)  -4.3(11) 5.2(11)   -2.1(10) 
C15  19.9(13)  18.2(14)  23.3(12)  -6.9(11)  2.2(10)   6.1(11) 
C16  28.3(14)  10.4(12)  15.2(11)  -2.1(10)   8.1(10)   2.4(9) 
C17  26.7(14)  14.7(13)  20.5(12)  -6.0(11)  -5.3(10) 8.3 (10) 
C18  25.6(14)  13.1(13)  38.6(14)  6.1(11)  9.3(12)   7.5(11) 
C19  35.2(15)  23.2(14)  10.4(11)  2.0(12)   8.5(10)   4.3(10) 
C20 22.5(13)  37.3(17)  9.8(11)  6.1(12)   4.4(10)   4.3(11) 
C21  21.8(13)  32.1(15)  12.0(11)  -6.4(11)  1.5(10)  -3.7(10) 
C22  24.9(14)  25.6(14)  14.7(11)  0.3(11)  6.0(10)  -5.5(11) 
C23  24.2(13)  28.0(15)  15.0(11)  -7.7(12)  10.4(10) -2.6(10) 
• Lactone (44) 
Inside a dry box, titanacene (42) (0.0925 g, 0.252 mmol) was dissolved in 5 mL of 
toluene and loaded in high pressure reactor.  The reaction was pressurized at 450 psi for 
12 hours.  The pressure was slowly released and the mixture transferred to a 25 mL RBF.  
The mixture was refluxed at atmospheric pressure for 4 hours and then cooled to room 
temperature.  The solvent was removed under reduced pressure and the crude mixture 
was purified by successive prep TLCs to obtain the pure product as a colorless liquid; oil 
turned solid when cooled.  Yield 0.01 g. (Overall. 18 %). Rf (0.19; 10% ethyl acetate in 
hexane)  1H-NMR (4000 MHz, CDCl3); δ 0.89 (s, 3H), 1.13 (s, 3H), 1.81-2.20 (m, 10H), 
2.70-2.75 (m, 1H), 3.67- 3.80 (m, 1H), 4.29-4.30 (d, 1H), 5.66 (s, br, H). 
13C-NMR (125 MHz/CDCl3): 22.35, 24.58, 25.52, 27.5, 29.66, 42.00, 45.53, 90.98, 
126.29.  
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• Trimethylphosphine(46)1 
In a 5-L, 3-neck RBF, equipped with a mechanical stirrer, a 1-L addition funnel, a 
vacuum/argon manifold was added dried Mg (83.4g, 3.43mol).  Then the glassware was 
flame dried under vacuum.  The apparatus was then refilled with argon, cooled to room 
temperature and charged with n-Bu2O (500mL) via cannulation.  The flask was cooled to 
0oC in an ice bath and CH3I (490g, 3.45) was slowly added (about 3hr) to avert evolution 
of gas. After a while (20min), the reaction mixture began to turn blue and was allowed to 
stir overnight at 0oC.  More CH3I was added to consume unreacted Mg. P(OPh3) (275g, 
0.89mol) in n-Bu2O (500mL) was added dropwise over a period of 5 h. The product was 
collected with the aid of a 16 inches long 24/40 vigreux column and a 24/40 water cooled 
condenser.  The temperature was slowly raised to 260 oC and the different fractions were 
collected into a dry-ice-cooled RBF under constant argon; PMe3 (product) was collected 
at 33-35 oC. Yield. 64 g (95 %). 1H-NMR (250 MHz): δ 0.93; 13C NMR (62.5 MHz, 
CDCl3): δ 16.16, 16.31. 
• Bis(cyclopentadienyltitanium bis(trimethylphosphine) (51)1 
In the drybox, freshly prepared PMe3 (15.28g, 0.20mol) was added to a mixture of Mg 
Powder (4.32g, 0.18mol) and Cp2TiCl2 (10.0g, 0.04mol) in THF (250mL) present in a 
500 mL round bottom flask.  The reaction mixture was carefully sealed and then stirred at 
room temperature for 20 hours.  Then THF was removed from the reaction mixture under 
vacuum and the residual solid chunks were crushed into fine powder, and dissolved in 
pentane (200ml).  The pentane extract was filtered through a pad of celite in a 350mL frit 
funnel.  The celite powder was rinsed with more pentane until the celite cake became 
white. Most of the pentane was removed under vacuum to form a concentrated solution 
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which was then placed in freezer (-33oC) overnight.  The solution was filtered to obtain 
shiny black needles which were dried under vacuum.  The mother liquor was 
concentrated to dryness to recover any remaining crystals.  The products were combined 
and weighed. Yield. 6.93g (Overall. 52%).  1H-NMR (250MHz, C6D6); δ 4.56 (s, 10H), 
0.83(s, 18H). 
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